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SUMMARY
T he w ork  p re s e n te d  in  th is  th e s is  is  d iv id ed  in to  th re e  
se c tio n s : (a )  B io sy n th e s is  of ro sm a rin e c in e ; (b )  S y n th e s is  of m acro- 
cyclic  p y rro liz id in e  d ie s te r  a n a lo g u es ; an d  (c ) S tru c tu r a l  s tu d ie s .
(a ) B io sy n th e s is  of R osm arinecine
T he b io s y n th e s is  of ro sm arin e c in e , th e  b a s e  p o rtio n  of th e
p y rro liz id in e  a lkalo id  ro sm arin in e  (A) ,  h as  been  s tu d ie d  in  Senecio
13p le is to c e p h a lu s  (fam ily C om positae) p la n ts .  Sam ples of [d - C ] -  an d
13[ 2 , 3 -  C 2 ]p u tre s c in e  d ih y d ro c h lo rid e  w ere in c o rp o ra te d  w ith v e ry  h ig h
13specific  in c o rp o ra tio n s  (u p  to  25% p e r  u n it)  in to  ro sm arin in e . C
N . m . r .  sp e c tro sc o p y  e s ta b lish e d  com plete lab e llin g  p a t te r n s  a n d  show ed
th a t  two m olecules of p u tre s c in e  w ere  in c o rp o ra te d  to  ab o u t th e  same
15 13e x te n t  in to  ro sm a rin in e . T he in c o rp o ra tio n  of [ 1 -am ino-  N, 1- C ]-
p u tre s c in e  d ih y d ro c h lo rid e  in to  ro sm arin in e  p ro d u c e d  a labe lling  p a t te rn
w hich w as in d ica tiv e  of th e  co n v ers io n  of two p u tre s c in e  m olecules in to
13a C ^-N -C ^ sym m etrical in te rm ed ia te . In ta c t in c o rp o ra tio n  of [1 ,9 -  C ^ ]-
hom osperm idine tr ih y d ro c h lo r id e  in to  ro sm arin e c in e , w as c o n s is te n t w ith  
th is  in te rm ed ia te  b e in g  hom osperm id ine.
The s te re o c h e m is try  of th e  enzym ic p ro c e s s e s  in th e  pa thw ay
2 2 was in v e s tig a te d  b y  feed ing  ( R ) - [ l -  H ] -  a nd  ( S ) - [ l -  H jp u tre s c in e
d ih y d ro ch lo rid e  to S . p le is to c e p h a lu s . The lab e llin g  p a t te r n s  o b ta in ed
2in ro sm a rin in e , as  d e te rm in e d  b y  H n . m . r .  s p e c tro s c o p y , w ere c o n s is t­
e n t w ith  th e  fo llow ing . T he ox ida tion  of p u tre s c in e  to  4 -am inobutanal 
o c c u rs  w ith th e  lo ss  of th e  p r o - S h y d ro g e n . T he a ld e h y d e  a n d  a n o th e r
vi
m olecule of p u tre s c in e  co n d e n se  to  g ive  th e  c o rre sp o n d in g  im ine, w hich
a f te r  re d u c tio n  (on th e  C -si^  face) a f fo rd s  hom osperm id ine. Two
f u r th e r  ox id a tio n s  each  ta k e  p lace  w ith  lo ss  of th e  p r o - S h y d ro g e n s
g e n e ra tin g  th e  d ia ld e h y d e , w hich a f te r  M annich cy c lisa tio n  p ro d u c e s
13“ fo rm y l-8 a -p y rro liz id in e . R eduction  to  iso re tro n e can o l p ro c e e d s  by
th e  d e liv e ry  of a h y d r id e  e q u iv a le n t on th e  C~re_ face of th e  ca rb o n y l
2 2g ro u p . Feed ing  e x p e rim e n ts  w ith  ( R ) - [ 2 -  H ] -  a n d  ( S ) - [ 2 -  H jp u tre s c in e  
d ih y d ro c h lo rid e  e s ta b lis h e d  th a t  th e  two h y d ro x y la tio n s  in ro sm arin ec in e  
o c c u r w ith re te n tio n  of c o n fig u ra tio n  a n d  th a t  form ation of th e  p y r ro l i ­
z id ine r in g  in v o lv es  th e  s te re o sp e c if ic  rem oval of th e  p rb -R  h y d ro g e n  
on th e  ca rb o n  w hich becom es C - l  of ro sm arin e c in e .
T he p ro p o se d  p ro d u c t  from  th e  f i r s t  ox ida tion  of hom osperm i­
d in e , N _ -(4 -am in o b u ty l)-l, 2 -d id e h y d ro p y rro lid in iu m , was show n to  be  an
in te rm e d ia te  in th e  b io s y n th e tic  p a th w a y s  to  se v e ra l p y rro liz id in e  
14a lk a lo id s , b y  C -lab e llin g  e x p e rim en ts  an d  an in te rm ed ia te  t ra p p in g  
ex p e rim e n t.
P la ty n ec in e  was show n to b e  an e ff ic ien t p r e c u r s o r  fo r ro sm ar-  
3in ec in e  b io sy n th e s is  u s in g  H -labelling  e x p e rim e n ts . S im ilarly , ro sm a r­
in ec in e  was fo u n d  to  b e  an  e ffic ien t p r e c u r s o r  fo r ro sm arin in e  b io sy n th e s is .
CH
CH
-O H
(b ) S y n th e s is  of M acrocyclic P y rro liz id in e  D ie s te r  A nalogues
A n u m b e r of op tically  ac tiv e  12-m em bered m acrocyclic d ilactones 
co n ta in in g  ( + ) -6 a -h y d ro x y -  la -h y d ro x y  m ethyl-8  (3 -pyrro liz id ine  w ere 
p re p a re d  by  la c to n isa tio n  v ia  th e  p y r id in e -2 - th io le s te r s  w ith  d if fe re n t 
a n h y d r id e s .  T h ese  a re  th e  f i r s t  sy n th e tic  m acrocyclic p y rro liz id in e  d ie s te r  
an a lo g u es  w hich co n ta in  a s a tu ra te d  p y rro liz id in e  b a s e .
(c) S tru c tu ra l S tu d ie s
T he p la n t  L indelofia lo n g iflo ra  (fam ily B o rag in aceae ) was show n, 
b y  sp ec tro sco p ic  s tu d ie s ,  to  co n ta in  one p y rro liz id in e  a lk a lo id , e c h in a tin e . 
S im ilarly , C ynog lossum  m acrostylum  (fam ily B o rag in aceae ) was found  to 
co n ta in  two m ajor a lkalo ida l com ponen ts . E ch in a tin e  a n d  h e lio su p in e  w ere  
id e n tif ie d  in th e  ra t io  3 :1 .
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NOTES ON NOMENCLATURE
P y rro liz id in e  com pounds w ith one o r two d o u b le -b o n d s  a re  
nam ed a s  d e r iv a tiv e s  of 1H- o r 3 H -p y rro liz in e  in a c c o rd an ce  w ith  
Chem ical A b s tr a c ts  n o m en cla tu re  e . g . ,  e th y l 5 , 6 , 7 ,  S - te tra h y d ro -S H - 
p y r ro liz in e -  1 -c a rb o x y la te .
F u lly  s a tu r a te d  com pounds a re  nam ed a s  p y rro liz id in e  d e r iv a ti­
v e s . T he s te re o c h e m is try  of s u b s t i tu e n ts  is  in d ic a te d  b y  th e  a  an d  3 
n o m en cla tu re  confo rm ing  w ith  th e  u su a l p ra c tic e  in th is  f ie ld .
F o r m acrocyclic  d ie s te r  a lk a lo id s , th e  n u m b e rin g  schem e 
p ro p o se d  b y  C u lv e n o r e t a l. , is u se d  ( C . C . J .  C u lv e n o r , D . H . G .  C ro u t, 
W. K lyne , W.P.  M ose, J . D .  Ren w ick, a n d  P.M.  S co p es , J .  Chem. S o c . 
( C ) , 1971, 3653). F o r exam ple, ro sm arin in e  is show n .
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1C h a p te r  1
INTRODUCTION
1.1  P y rro liz id in e  A lkaloids
T h e  p y rro liz id in e  alkalo ids c o n s ti tu te  a la rg e  g roup  of seco n d ary
m etab o lites  w hich a re  w orld -w ide in  d is t r ib u t io n .^  T h e ir  o c c u rre n c e  in
th e  p la n t k ingdom  is also e x te n s iv e ;  ^ o v e r 200 p y rro liz id in e  alkaloids
h av e  b een  iso la te d  from 60 g e n e ra . T he th r e e  m ost im p o rtan t g en e ra
a re  Senecio  ( family Com positae) , H eliotropium  (B orag in aceae ) and
2
C ro ta la r ia  (L eg u m in o sae ) . In d eed  it  h a s  b een  estim ated  th a t  3% of th e
3
w o rld 's  flow ering  p la n ts  con tain  p y rro liz id in e  a lk a lo id s . Many of th e se  
a lka lo id s a re  to x ic , a c tin g  specifically  on th e  l iv e r .   ^ T h is  p re s e n ts  a 
h e a lth  h a z a rd  to  b o th  humans and  liv e s to c k . In  f ac t ,  th e  loss of liv e ­
s to ck  d u e  to  p y rro liz id in e  alkaloid po ison ing  is  a grow ing economic problem , 
Most p y rro liz id in e  alkalo ids a re  d e r iv a tiv e s  of 1 -m eth y lp y rro liz i-  
d ine  exem plified  b y  h e lio tr id a n e , (2) ,  r a th e r  th a n  of p y rro liz id in e  
( l-a z a b ic y c lo [  3 .3 .0 ]o c tan e ) (1) itse lf . F re q u e n tly ,  th e  p y rro liz id in e  
com ponent of an alkalo id  con ta in s  a diol sy s te m , as in  re tro n e c in e  (3) .
HO
(D ( 2 ) (3)
2P y rro liz id in e  alkalo ids u su a lly  e x is t  as e s te r s .  T hese  may be 
m o n o este rs  su c h  a s  p lanchonelline  ( 4 ) ,  d ie s te r s  su c h  as echim idine (5) ,  
o r m acrocyclic d ie s te r s  like  jacobine ( 6 ) .  T h e  h y d ro x y la te d  p y rro liz i-  
d in e s  w hich c o n s ti tu te  th e  amino alcohol m oieties of p y rro liz id in e  alkalo id  
e s te r s  a re  called  n e c in e s . An e x te n s iv e  ra n g e  of n ec in es  e x is ts  b eca u se  
th e  h y d ro x y l s u b s t i tu e n ts  can v a ry  in n u m b e r ,  p o s itio n  and  s te re o ­
c h e m is try . A d d itio n a lly , th e  n ec in es  may co n ta in  1 ,2 -u n sa tu ra tio n  as in  
(5 ) .  T he acid  p o r tio n s  of th e  a lk a lo id s , th e  necic a c id s , u su a lly  con tain  
five  o r te n  c a rb o n  atom s an d  in c lu d e  m ono- an d  d ica rb o x y lic  ac id s . A 
small g ro u p  of s u b s t i tu te d  amino p y rro liz id in e s  su c h  as  loline (7) hav e  
also b een  iso la te d .
4 1Books b y  M attocks and  B ull e t  a l. , b o th  p ro v id e  fu r th e r
in form ation  on th e  o c c u rre n c e , ch em is try  an d  pharm aco logy  of p y rro liz i-
5
d ine  a lk a lo id s . T he rev iew s in th e  S p e c ia lis t P e rio d ica l R ep o rts  an d  
N a tu ra l P ro d u c t R e p o rts^  on p y rro liz id in e  a lk a lo id s , a re  also recom m ended.
1. 2 E ffec ts  of P y rro liz id in e  A lkaloids on Hum ans
People from  all reg io n s  of th e  w orld  h av e  d e lib e ra te ly  or
u n in te n tio n a lly  em ployed a wide ra n g e  of p la n t m ateria l con ta in ing
4p y rro liz id in e  a lk a lo id s , e ith e r  m edicinally  o r fo r food. On sev e ra l
o ccasio n s , th is  h a s  h ad  d is a s tro u s  c o n se q u e n c e s . In  1974, th e  la rg e s t
7know n o u tb re a k  of p y rro liz id in e  po ison ing  o c c u rre d  in  A fg h an is tan .
D ue to  a p ro lo n g e d  d ro u g h t,  food was s c a rc e , a n d  th e  ’ d ie t co n s is ted  
m ainly of b re a d  m ade from w heat w hich h ad  H elio tropium  popovii grow ing 
a lo n g sid e  i t .  T h is  r e s u lte d  in th e  in c o rp o ra tio n  of h e lio tr in e  N -oxide 
(8) in  th e  b re a d .  A ro u n d  1600 people th e n  s u f fe re d  from an  acu te
3Q NHCH3
(7)
0—cCH
J HQ 
\SHQ
CH
CH
( 6 )
0 — cHO
I HQ 
\\H Q
18)
4l iv e r  d isea se  ( v en o -o cc lu s iv e  d isease ) , a n d  m any of them  d ie d . A n o th er 
in s ta n c e  was in  Jam aica in  th e  la te  1950 's, w hen m any people su ffe re d  
from a l iv e r  d ise a se  re s u lt in g  from th e  in g e s tio n  of te a s  p re p a re d  from
g
th e  le a v e s  of b u s h e s ,  esp ec ia lly  C ro ta la r ia  fu lv a .
E v id en ce  of to x ic ity  may n o t becom e a p p a re n t u n til some time
a f te r  th e  in g e s tio n  of p y rro liz id in e  a lk a lo id s . T he c h a ra c te r is tic  fe a tu re
of p y rro liz id in e  alkalo id  po ison ing  is a m egalocy tosis of th e  liv e r  in w hich
th e  l iv e r  co n ta in s  a small num ber of g ia n t ce lls . E arly  clinical s ig n s
in c lu d e  n a u se a  an d  a c u te  e p ig a s tr ic  p a i n s . Sometimes fe v e r  an d  vom iting
o ccu r in  th e  la te r  s ta g e s .  D eath  may e n su e  from two w eeks to  over two
9
y e a rs  following p o iso n in g , b u t  i t  is p o ss ib le  fo r p a tie n ts  to  re c o v e r 
alm ost com pletely  from  acu te  v e n o -o cc lu s iv e  d isea se  if  th e  alkaloid  in tak e  
d i s c o n t in u e s .^
A p a r t from th e  liv e r ,  o th e r  o rg a n s  w hich can b e  a ffec ted  b y
th e  consum ption  of p y rro liz id in e  a lkalo ids a re  th e  lu n g s , h e a r t ,  and
4
occasionally  th e  k id n e y s .
In d ic in e  N_-oxide (9) is  th e  on ly  p y rro liz id in e  alkalo id  w hich
h a s  b e e n  d e lib e ra te ly  ad m in is te red  to  peop le  u n d e r  clin ically  co n tro lled
co n d itio n s , as  a p o te n tia l a n ti-c a n c e r  d r u g . ^  T he e ffe c ts  of th is
N -ox ide  (9) a re  n o t ty p ica l of th o se  due to  h ep a to to x ic  p y rro liz id in e
a lk a lo id s . In d ic in e  N -ox ide  h as  th e  a d v a n ta g e s  of b e in g  re la tiv e ly  low
in to x ic ity  an d  h ig h ly  w a te r so lu b le . R e c e n tly , a sem i-sy n th e tic
p y rro liz id in e  a lkalo id  (10) was show n to  b e  a m ore ac tiv e  an titu m o u r
12a g e n t th a n  in d ic in e  N -ox ide (9) .
5r 'O -
HO
0
M H O
0
19) (10) ■
1. 3 M etabolism of P y rro liz id in e  A lkaloids
C e rta in  p y rro liz id in e  a lka lo id s  su c h  as  h e lio tr in e  (11) an d
r e t r o r s in e  (12) h av e  b een  know n to cau se  ch ro n ic  liv e r  po ison ing  in
13 14anim als since  th e  1900's, while o th e rs  do n o t.  T h is  led  S choen ta l
to  s u g g e s t  th a t  th e  1 ,2 -double b o n d  in  th e  p y rro liz id in e  moiety of th e
a lka lo id s is e s se n tia l fo r h e p a to to x ic ity . S u p p o rt fo r th is  th e o ry  came
w hen C hen e t  a l. r e p o r te d  th a t  in jec tio n  of r a t s  w ith p la ty p h y llin e  (13)
c a u se d  no liv e r  dam age, even  w hen th e  a lkalo id  was g iven  in le th a l 
15d o se s . In  ad d itio n , th e  same g ro u p  of w o rk e rs  a d m in is te re d  th e  
p ro d u c ts  of h y d ro ly s is  of re tro r s in e  (12) to  r a t s  an d  d isc o v e re d  th a t  
r e tro n e c in e  (3) a n d  isa tin e c ic  ac id  (14) h a d  no e f fe c ts  on th e  l iv e r .
T h ey  th u s  co n cluded  th a t  th e  in ta c t ally lic  e s te r  s t r u c tu r e  was r e q u ir e d  
fo r h ep a to to x ic  a c t iv ity .
6CH
(12)
CH
OH
(13) (U)
C u l v e n o r n o t i c e d  th a t  th e  e f fe c ts  of p y rro liz id in e  a lka lo id s on 
cell n u c le i a re  analogous to  biological a lk y la tin g  a g e n ts .  C o n se q u e n tly , 
he  p ro p o se d  th a t  su ch  e ffe c ts  on cell n u c le i a re  due to th e  ab ility  of th e  
p y rro liz id in e  a lkalo ids to  a c t as a lk y la tin g  a g e n ts  w ith in  th e  cell.
A lkaloids su ch  as r e tro r s in e  (12) a re  allylic e s te r s  an d  by  a m echanism  
in vo lv ing  a lk y l-o x y g e n  fission  of th e  e s te r  lin k a g e s , th e y  can fu n c tio n  as 
a lk y la tin g  a g e n ts .  F o r exam ple, an a lkalo id  su ch  as  (15) may becom e 
co v a len tly  b o u n d  to  a p ro te in  molecule th a t  co n ta in s  a nucleoph ilic  su lp h u r  
atom (su c h  as c y s te in e ) ,  b y  such  a m echanism  (Schem e 1).
7(15)
Schem e  1
17 18 'H ow ever, i t  was M attocks * who p ro v id e d  th e  m ost co n v in c ­
ing  ev id en ce  fo r th e  m echanism  of to x ic ity .  He p ro p o sed  th a t  th e  
to x ic ity  is n o t a t tr ib u ta b le  to th e  a lk a lo id s  th em se lv es , b u t  is  due to 
p y rro lic  d e r iv a tiv e s  (16) .  A fte r  he  in je c te d  r a ts  w ith p y rro liz id in e  
a lk a lo id s , M attocks found  ev id en ce  fo r  th e se  m etabolic p y r ro le s  (16) in  
se v e ra l o rg a n s ,  especia lly  th e  l iv e r  a n d  in  th e  e x c re te d  u r in e .
S u b s ta n tia l q u a n titie s  of th e se  m etab o lites  w ere also lo ca ted  in  th e  lu n g s ;  
th e  m etabo lites  could  have  b een  t r a n s p o r te d  from th e  liv e r  in  th e  b lood­
stream  .
T he p ro d u c tio n  of d ih y d ro p y r ro liz in e s  (16) from p y rro liz id in e  
a lka lo id s in  v itro  u s in g  liv e r  s lic es  gave  add itiona l ev id en ce  th a t  th e  major 
s ite  of m etabolic ac tiv a tio n  is  th e  l iv e r .
I t  h a s  b een  s u g g e s te d  th a t  th e  p ro d u c tio n  of th e  p y rro le s  
in v o lv es  th e  ac tion  of a h ep a tic  m icrosom al ox idase enzym e on th e  a lka lo id . 
T h is  p ro c e s s  is  b e liev ed  to  o ccu r b y  a h y d ro x y la tio n -d e h y d ra tio n  p ro c e s s  
as show n in Schem e 2.
R COO ,qh r'-'OCORR C O
1>
OCORRCORCO1
(16) I
S c h e m e  2
T h e  p y r ro le  (16) can th e n  b e  r e g a rd e d  a s  a b ifu n c tio n a l 
a lk y la tin g  a g e n t ,  b eca u se  b o th  of th e  e s te r  g ro u p s  h av e  been  a c tiv a te d  
as  a r e s u l t  of con jugation  w ith th e  n it ro g e n  lone p a ir  of e le c tro n s . T h u s  
n u c leo p h ile s  on a DNA molecule can  co v a len tly  b o n d  to  th e  p y rro liz id in e  
a lka lo id  m etabo lite  w hich  can le a d  to  c ro s s - lin k in g  of th e  DNA (Schem e 3 ).
9116)
DNA
■c>
DNA
S c h e m e  3
Schoen ta l an d  M attocks in itia lly  b e liev ed  th a t th e  n ec ic  ac id
p o rtio n  of an alkaloid  h a d  to  p o s se s s  a h ig h ly  b ra n c h e d  ca rb o n  chain  to
19e x h ib it h e p a to to x ic ity . T h is  was s u p p o r te d  b y  th e ir  o b se rv a tio n s  
th a t  s e v e ra l sy n th e tic  e s te r s  of re tro n e c in e  (3) w ith b ra n c h e d  cha in  
ac id s  w ere h ep a to to x ic , w h e re a s  th o se  w ith s t r a ig h t  chain  ac id s  w ere n o t.
10
N e v e r th e le s s , i t  h a s  s in ce  b een  show n th a t  th e  n a tu re  of th e  acid  m oiety
20only  h a s  a se c o n d a ry  e ffe c t on to x ic ity .
B ulky  ca rb o n  o r h y d ro x y  s u b s t i tu e n ts  on th e  a -p o s itio n  of th e
21a c id  p o rtio n s  c re a te  s te r ic  h in d ra n c e  a ro u n d  th e  e s te r  g ro u p s . T h is
in h ib its  e s te ra se  h y d ro ly s is ,  w hich  in  tu rn  in c re a se s  th e  to x ic ity  of th e  
22a lk a lo id s . F o r th is  re a so n , m acrocyclic  d ie s te rs  a re  g en e ra lly  more 
tox ic  th a n  simple d ie s te r s .
4
T he so lu b ility  in w a te r  a n d  th e  b ase  s t r e n g th  of an  alkalo id  
a re  two o th e r fa c to rs  w hich a f fe c t h e p a to to x ic ity . G en era lly , th e  more 
w a te r so luble th e  a lka lo id , th e  g r e a te r  is  th e  te n d en cy  fo r i t  to  be 
e x c re te d  an d  h en ce  th e  to x ic ity  is  lo w er. A lso, i t  h as  b een  o b se rv e d
4
th a t  th e  more w eakly  basic  is  th e  a lk a lo id , th e  g re a te r  is  th e  to x ic ity .
I t  h a s  b een  d e m o n stra te d  th a t  a sy n th e tic  com pound w ith  th e
23a p p ro p r ia te  s u b s t i tu t io n  as in  (17) ,  can  d isp lay  h ep a to to x ic  p ro p e r t ie s .
In  f ac t ,  th e  b isca rb a m ate  e s te r  (17) is more toxic th a n  th e  n a tu ra l 
a lkalo id  m onocrotaline (18) .  T h is  in d ic a te s  th a t th e  seco n d  (p y rro lid in e )  
r in g  is  n o t a s t r u c tu r a l  re q u ire m e n t fo r to x ic ity .
-Me
(17) 118)
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1. 4 C onform ational A sp e c ts  of M acrocyclic D ie s te r P y rro liz id in e  
A lkaloids
T he d e te rm in a tio n  of conform ations of p y rro liz id in e  m acrocyclic
d ie s te r s  may le ad  to a b e t te r  u n d e rs ta n d in g  of s t r u c tu re - a c t iv i ty
re la tio n s h ip s  in v o lv ed  in  th e ir  m etabolism . B oth  X -ra y  c ry s ta llo g ra p h ic
d a ta  an d  n . m . r .  sp e c tro sc o p ic  s tu d ie s  hav e  p ro v id e d  in fo rm ation  on
th e  conform ation  of th e se  a lkalo ids in  th e  solid  s ta te  a n d  o rg an ic
1 24so lu tio n s , re s p e c t iv e ly . ’ F o r th e  few exam ples s tu d ie d , i t  is b e liev ed  
th a t  th e  conform ation of th e  a lkalo id  is sim ilar in  o rg an ic  so lu tio n s  an d  
in th e  solid  s ta te ,  e . g .  r e t r o r s in e  ( 1 2 ) . ^ ’ ^
A co n s id e ra b le  n u m b er of X -ra y  c ry s ta l  s t r u c tu r e s  of p y r ro liz i­
d ine a lka lo id s h av e  b een  d e te rm in ed  an d  some in te re s t in g  conform ational 
p a t te r n s  h av e  em erg ed . X -R ay d a ta  on 11-m em bered m acrocyclic d ie s te rs
of re tro n e c in e  (3) h av e  show n th a t  in m ost th e  e s te r  ca rb o n y l g ro u p s  a re
24s y n p e r ip la n a r , as show n in F ig u re  1 fo r m onocro taline (18) .  On th e
o th e r  h a n d  12-m em bered d ilac to n es  hav e  e s te r  c a rb o n y l g ro u p s  th a t  a re
24a n t ip e r ip la n a r , e . g .  sen ec io n in e  (19) (F ig u re  1).
(18) (19)
C ry s ta l  s t r u c tu r e s  of m onocro taline (18) an d  senecion ine (19)
F i g u r e  1
T he chem ical s h i f t  d iffe re n ces  of th e  C -9 d ia s te reo to p ic  p ro to n s  
( A6H- 9 )  of th e se  a lka lo id  sy stem s can  also b e  in d ica tiv e  of conform ational 
p ro p e r t ie s .  When A6H-9  is  la rg e  ( i . e .  1 .1 -1 .5  p . p . m . ) ,  th e  dow nfield  
p ro to n  is su b je c te d  to  maximum d esh ie ld in g  as a co n seq u en ce  of b e in g  in  
th e  p lan e  of th e  e s te r  c a rb o n y l an d  1 ,2 -d o u b le  b o n d . A lte rn a tiv e ly , 
w hen A6H-9 is  small ( i . e .  0 . 2 - 0 . 9  p . p . m . )  th e  C~9 p ro to n s  a re  m ore 
sym m etrica lly  s i tu a te d  a b o u t th e  p lane  of th e  carbony l an d  th e  m ore 
d esh ie ld e d  p ro to n  is  c lo se r  to  th e  1 ,2 -double bond . T h e  A6H-9  v a lu es  
of 0 .16 an d  1.47 p . p . m .  w ere o b se rv e d  fo r m onocrotaline (18) a n d  
senec io n in e  (19) ,  r e s p e c t iv e ly . T h u s , th e  conform ations d e d u c e d  from 
th e  n . m . r .  sp e c tra l  d a ta  fo r m onocrotaline (18) an d  sen ec io n in e  (19) 
a p p e a re d  to  be  c o n s is te n t w ith th e  X- ra y  c ry s ta l  s t r u c tu r e s  d e p ic te d  in 
F ig u re  1.
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I t  sh o u ld  b e  p o in te d  o u t h o w ev e r, th a t  th e  conform ation
a d o p te d  b y  an a lka lo id  in th e  so lid  s ta te  an d  o rg an ic  so lu tion  may n o t 
b e  th e  same a s  th a t  w hen th e  a lkalo id  is  m etabo lised  in  v ivo  b y  enzym e 
sy s te m s .
1. 5 Aims of P ro je c t
T he way in  w hich  p y rro liz id in e  a lkalo ids a re  form ed in p la n ts
(b io sy n th e s is )  is  of fu n d am en ta l in t e r e s t .  P re v io u s ly  re tro n e c in e  (3)
27 28was th e  only n ec in e  w hose b io sy n th e s is  h a d  b een  s tu d ie d  in  d e p th . ’
T h is  a re a  is  re v ie w e d  in  C h a p te r  2. I t  was c o n s id e re d  n e c e ssa ry  to  
w iden th e  scope of th e se  b io sy n th e tic  s tu d ie s .  A c c o rd in g ly , th is  r e s e a rc h  
p ro je c t was p r in c ip a lly  d ire c te d  to w ard s  an  in v e s tig a tio n  in to  th e  bio­
s y n th e s is  of ro sm arin e c in e  (21) ,  th e  b a se  p o rtio n  of th e  p y rro liz id in e  
alkalo id  ro sm arin in e  (20) .  T he r e s u l t s  of th e se  in v e s tig a tio n s  a re  
p re s e n te d  in C h a p te rs  3 an d  4.
OH
--0H
(20 ) ( 21 )
14
T he s y n th e s is  of m acrocyclic p y rro liz id in e  alkalo ids 
h a s  re c e iv e d  lim ited  a t te n tio n  (C h a p te r  5 ). Y e t, th e se  a re  th e  most 
tox ic  of th e  p y rro liz id in e  a lk a lo id s , an d  good ro u te s  to  th e se  alkalo ids 
a n d  se le c te d  an a lo g u es a re  r e q u ire d  to p ro v id e  m ateria l fo r th e  s tu d y  of 
s tru c tu re -b io lo g ic a l a c tiv ity  re la tio n sh ip s . T h u s , a s e r ie s  of m acrocyclic 
d ie s te r s  was p re p a re d  from  th e  o p tica lly  ac tiv e  diol ( 22) ,  d e r iv e d  from 
4 -h y d ro x y -L -p ro lin e . T h is  w ork is d isc u sse d  in  C h a p te r  6.
H 0 -
(22 )
T h e re  is  co n s id e ra b le  in te r e s t  in  th e  o c c u rre n c e  of p y rro liz i­
d ine  alkalo ids fo r two main re a so n s . F ir s t ly ,  know ledge of th e  chem ical 
c o n s ti tu e n ts  of p la n ts  is  be ing  in c re a s in g ly  u se d  to  a s s is t  in  th e  
c lass ifica tio n  of p la n t sp e c ie s . S econd ly , th e  s t r u c tu r a l  re la tio n sh ip s  
b e tw een  a lkalo ids o c c u rr in g  to g e th e r  in  th e  same sp ec ie s  may he lp  in  
de te rm in in g  th e  b io g e n e s is  of th e se  com pounds. T h e re fo re , th e  alkaloidal 
c o n te n t of C ynoglossum  m acrosty lum  an d  L indelofia lo n g if lo ra  was 
in v e s t ig a te d . T h is  w ork  is  d e sc r ib e d  in C h a p te r  7.
15
C h a p te r  2
BIOSYNTHESIS OF PYRROLIZIDINE ALKALOIDS
2 .1  B io sy n th e s is  of P y rro liz id in e  N ecine B ases
S ir R o b e r t R obinson f i r s t  p o s tu la te d  th a t  th e  p y rro liz id in e
r in g  system  is d e r iv e d  b io sy n th e tic a lly  from th e  co n d en sa tio n  of two
29u n its  of o rn ith in e  (23) .  S u p p o rt fo r th is  o b se rv a tio n  h as  only been
availab le  a f te r  th e  a d v e n t of r a d io tr a c e r s .  E x ten s iv e  r e s e a rc h  has b een
c a r r ie d  o u t r e c e n tly  u s in g  s tab le  iso to p es  an d  n . m . r .  sp ec tro sco p y  on
th e  b io sy n th e s is  of n e c in e s . In itia l s tu d ie s  c o n c e n tra te d  on th e  feed ing
of ra d io a c tiv e  p r e c u r s o r s  to p la n ts  w hich p ro d u ce  p y rro liz id in e  a lk a lo id s .
T he  lab e lled  a lka lo id  was iso la ted  an d  th e  lab e ls  w ere lo c a ted  by  chem ical
30d e g ra d a tio n . Nowacki an d  B yerrum  p ro v id e d  one of th e  f i r s t  p ieces
of ex p erim en ta l e v id en ce  to su b s ta n tia te  R o b in so n 's  th e o ry , when th e y
14 14 14fed  [2 - C ]o rn ith in e , [1 - C ]ace ta te  a n d  [1 - C ]p ro p io n a te  to
C ro ta la r ia  s p e c ta b i l is , a p la n t w hich p ro d u c e s  m onocro taline (18) .  I t
was fo u n d  th a t  o rn ith in e  was p rim arily  u se d  fo r th e  s y n th e s is  of th e
re tro n e c in e  p a r t  of m onocro ta line , w h ereas  a c e ta te  an d  p ro p io n a te  w ere
in c o rp o ra te d  p r in c ip a lly  in to  th e  m onocrotalic ac id  p o rtio n  of th e  m olecule.
16
,HQ Me
(23) (18)
NH
u
NH
(24)
31 14,In  1963, B ottom ley a n d  G eissm an fed  [1 ,4 -  C ]p u tre s c in e  (2 4 ),
14 14[2 - C] o rn ith in e  a n d  [5 - C] o rn ith in e  to  Senecio  d o u g la s ii . T h is  p la n t
co n ta in s  fo u r a lk a lo id s , nam ely , senec io n in e  (1 9 ), sen ec ip h y llin e  (2 5 ),
r e t ro r s in e  (1 2 ) , an d  riddelline  (2 6 ) , all of w hich h a v e  re tro n e c in e  (3) as
th e  b ase  p o rtio n .
(19) r’ = R2=H, R3:C H 3 
(25) R1,R2=CH2 , R ^ H  
(12) R1= H ,R2:C H 3 , fP=OH 
(26) R’ .R ^ C H j.R ^ O H
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One w eek a f te r  ad m in is tra tio n  of th e  p r e c u r s o r s ,  th e  p la n ts
14w ere e x tra c te d  to  g ive  a m ix tu re  of C -la b e lle d  a lk a lo id s . A lkaline 
h y d ro ly s is  of each  m ix tu re  of alkalo ids g av e  re tro n e c in e  (3) an d  th e  
c o rre sp o n d in g  a c id s . T ab le  1 show s th e  re la tiv e  am ounts of ra d io ­
a c tiv ity  in c o rp o ra te d  in to  re tro n e c in e , an d  th e  C ^Q -acids.
T ab le  1. In c o rp o ra tio n  of R adioactive P re c u r s o r s  in to  th e  A lkaloids 
of S .. d oug lasii
P re c u r s o r
T otal In c o rp o ra tio n  
in to  a lkalo id
(%)
P e rc e n ta g e  of to ta l 
a c tiv ity  fo u n d  in:
A cids R e tro n ec in e
14[1 ,4 -  C ] p u tr e s c in e 0.18 5.0 98
14[2 - C] o rn ith in e 0.30 1 .4 94
[ 5- ] o rn ith in e 0.75 2 .4 94
14I t  was th e re fo re  a p p a re n t th a t  feed in g  C -lab e lled  p u tre sc in e  
o r o rn ith in e  r e s u l te d  in th e  in co rp o ra tio n  of ra d io a c tiv ity  in to  th e  
r e tro n e c in e  p o r tio n s  of th e  a lka lo id s. F u r th e rm o re , th e  lab e lled  r e t r o ­
n e c in e , d e r iv e d  from  each  feed ing  e x p e rim e n t, was t r e a te d  w ith osmium 
te tro x id e  a n d  sodium  p e r io d a te . T h is  c o n v e r te d  th e  p rim a ry  carb ino l 
ca rb o n  atom in to  fo rm ald eh y d e , w hich was th e n  tr a p p e d  a s  th e  dim edone 
d e r iv a tiv e  (Schem e 4 ) .
18
t>
2. N alO
HD im edon e
OH
S c h e m e  4
T he ra d io a c tiv ity  of th e  dim edone d e r iv a tiv e s  from each
ex p erim en t was m easu red  an d  th e se  d e r iv a tiv e s  w ere found  to  contain
one q u a r te r  of th e  to ta l a c tiv ity  of r e tro n e c in e . T h is  show ed th a t
d u r in g  b io s y n th e s is ,  C -2  an d  C -5 of th e  m olecule of o rn ith in e  u se d  to
form  r in g  B of re tro n e c in e  becam e e q u iv a le n t.
E v id en ce  fo r th e  involvem ent of o th e r  p r e c u r s o r s  in th e  b io -
32s y n th e s is  of r e tro n e c in e  (3) was r e p o r te d  b y  Bade a n d  C ro u t. U sing
a double iso fope  te c h n iq u e , th e y  show ed th a t  a rg in in e  (30) was a
spec ific  p r e c u r s o r  fo r  re tro n e c in e  (3) in Senecio  m a g n ificu s , a lth o u g h
n o t as  e ffe c tiv e  a s  o rn ith in e  (2 3 ). R obins a n d  Sw eeney also o b se rv e d
th a t  sp erm id in e  (28) an d  sperm ine (29) w ere e ff ic ie n t p re c u r s o r s  of
re tro n e c in e  in  Senecio  is a tid e u s  p la n ts ,  in ad d itio n  to a rg in in e , o rn ith in e
33a n d  p u tre s c in e  (2 7 ) . T he p rin c ip a l a lkalo idal c o n s ti tu e n t of th e  p la n t 
is  r e t r o r s in e  (12) , w hich on h y d ro ly s is  y ie ld s  re tro n e c in e  an d  isa tin ec ic  
ac id  (1 4 ).
(27) H2N(CH2)z,NH2
(28) H2N(CH2)3NH(CH2)4NH2
(29) H2N(CH2)3NH(CH2)aNH(CH2)3NH2
(30)
C02H
h 2n c h
(c h 2)3nhc^
NH
NH
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T ab le  2 show s th e  in c o rp o ra tio n  of th e  afo rem en tioned
p re c u r s o r s  (2 7 )-(3 0 ) in to  th e  b a se  a n d  ac id  com ponen ts . T h u s ,
p u tre s c in e  (27) is  a m uch b e t te r  p r e c u r s o r  th a n  o rn ith in e  (23) in
re tro n e c in e  b io sy n th e s is  w hich s u p p o r ts  th e  th e o ry  p ro p o se d  by
34G eissm an an d  C ro u t, th a t  p u tre s c in e  follows o rn ith in e  in  th e  bio­
s y n th e tic  p a th w a y .
T ab le  2. In c o rp o ra tio n  of P re c u r s o r s  in to  R e tro rs in e  (12) in  
S . is a tid e u s
E x p erim en t % In c o rp o ra tio n
14% C R ad ioactiv ity  in  
(3) (14)
141. L -[U -  C] a rg in in e 0 .46 99 6
2. D L -[ 5- ^ C ]  o rn ith in e 0 .25 97 5
143. [1 ,4 -  C] p u tre s c in e 1.6 94 1
4. [ 1, 4 -^ C - te tra m e th y le n e ]  
sperm ine
5 .2 103 1
145. [1 ,4 -  C -te tra m e th y le n e ]  
sperm id in e
2.0 95 1
R obins an d  Sw eeney w ere also  su c c e ss fu l in  p a r tia lly  lo ca tin g  
th e  la b e ls  w ith in  re tro n e c in e  fo r ex p e rim e n ts  2-5. O xidation  of r e t r o ­
n ec in e  w ith osmium te tro x id e  an d  sodium  p e rio d a te  gave  fo rm ald eh y d e ,
iso la ted  as i ts  dim edone d e r iv a tiv e , an d  th is  c o rre sp o n d e d  to  C -9 of
14re tro n e c in e . One q u a r te r  of th e  to ta l C b ase  a c tiv ity  was loca ted  a t 
C -9 in each  e x p e rim e n t, w hich com pared  well w ith th e  o b se rv a tio n s  of
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B ottom ley an d  G eissm an. R ob ins a n d  Sw eeney also  r e p o r te d  th e  f i r s t
chem ical d e g ra d a tio n  w hich p ro d u c e d  a frag m en t from rin g  A of th e
35n ec in e  b a s e . A m odified K u h n -R o th  ox ida tion  p ro c e d u re  u se d  on
re tro n e c in e ,  gave  $ -a lan in e  (3 1 ) , is o la te d  a s  its  2 ,4 -d in itro p h en y l
d e r iv a tiv e . T h is  c o rre sp o n d e d  to  C -( 5+6+7) from r in g  A of re tro n e c in e
(Schem e 5) . T he d e g ra d a tio n s  w ere c a r r ie d  o u t on th e  sam ples of
14re tro n e c in e  sp ec ifica lly  lab e lled  w ith C from ex p erim en ts  2-5 . T h is
14p ro v e d  th a t  22-24% of th e  to ta l C b ase  a c tiv ity  was loca ted  in th is  
f ra g m e n t in  each  ex p e rim en t.
H CHO NH
S c h e m e  5
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T he r e s u l t  of ex p erim en t 2 (T ab le  2) , d em o n stra ted  th a t  C -2  
an d  C -5  or o rn ith in e  (23) become e q u iv a le n t in  th e  form ation of r in g  A 
of r e tro n e c in e . B ecause  p u tre s c in e  (27) is  a more e ffic ien t p r e c u r s o r  
th a n  o rn ith in e , i t  was d ed u ced  th a t  re tro n e c in e  (3) is  form ed from  two 
m olecules of o rn ith in e  v ia  p u tre s c in e  (Schem e 6 ).
NHo
I NH
f ^ 0 2 H  _______
k  Y ^ n h 2
n h 2 <27>
(23)
 1>  j> r e t r o n e c i n e  (3)
S c h e m e  6
i
A lthough  co n sid e ra b le  in s ig h t  in to  th e  b io sy n th e tic  p a th w ay  to
re tro n e c in e  h a d  b een  ga ined  th ro u g h  ra d io a c tiv e  feed ing  e x p e rim e n ts ,
f u r th e r  p ro g re s s  was h in d e re d  b y  th e  lack  of d e g ra d a tiv e  ex p e rim en ts  to
g ive  com plete labe lling  p a t te r n s .  T h is  o b s tac le  was su rm o u n te d  u s in g
13C n u c le a r  m agnetic re so n an ce  s p e c tro s c o p y .
36K han an d  R obins w ere th e  f i r s t  to  o b se rv e  com plete
13lab e llin g  p a t te r n s  w hen th e y  fed  sp ec ifica lly  C -labe lled  p u tr e s c in e s  to
S . i s a t id e u s , an d  exam ined th e  b io sy n th e tic a lly  d e riv e d  re tro n e c in e
13( a f te r  h y d ro ly s in g  re tro r s in e )  b y  C n .m . r .  sp ec tro sco p y . R eac tion
13 13of 1 ,2 -d ib rom oethane w ith po tassium  [ C ]cy an id e  gave [1 ,4 -  C ^ Jsu cc in o -
n i t r i le ,  w hich on re d u c tio n  with b o ra n e  in te tr a h y d ro fu ra n  (T H F ), a n d
13ac id ifica tio n  of th e  p ro d u c t,  y ie ld ed  [1 ,4 -  C ^ Jp u tre sc in e  (32)
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d ih y d ro c h lo rid e  (Schem e 7 ( a ) ) .
13U sing th e  xylem  p r ic k in g  te c h n iq u e , th e  C -lab e lled  p u tre s c in e
(32) w as fed  to  S . is a tid e u s  an d  one w eek a f te r  ad m in is tra tio n , r e t r o r -
13sin e  was iso la ted . B asic h y d ro ly s is  a ffo rd e d  C -lab e lled  re tro n e c in e .
13 1F o u r eq u ally  en h an ced  s ig n a ls  w ere  e v id e n t in th e  C -{  H} n .m . r .
13sp ec tru m  c o rre sp o n d in g  to e n ric h m en t of C a t C -3 , C -5 , C -8 an d  C -9
of re tro n e c in e  (Schem e 8 ).
A com plem entary  lab e llin g  p a t te rn  in re tro n e c in e  w as p ro d u c e d  
13b y  feed in g  [2 ,3 -  C ^ ]p u tre sc in e  (33) d ih y d ro ch lo rid e . T h is  was
13p re p a re d  from [1 ,2 -  C£] " 1 ,2 -d ib rom oethane  b y  tre a tm e n t w ith sodium
c y a n id e , followed b y  re d u c tio n  of th e  d in itr ile  an d  ac id ifica tion  of th e
13 1p ro d u c t (Schem e 7 ( b ) ) .  T he C -{  H} n .m .r .  sp ec tru m  of th e  la b e lle d
re tro n e c in e  show ed a p a ir  of d o u b le ts  a t 6137.4  an d  122.1 ( J  71 Hz)
c o rre sp o n d in g  to  C~1 an d  C -2 of re tro n e c in e  an d  a p a ir  of d o u b le ts  a t
6 35.9 an d  70.1 ( J  34 Hz) c o rre sp o n d in g  to C-6 an d  C -7 . T he fo u r
lab e lle d  s ite s  d isp la y ed  n e a r ly  equal en rich m en t fa c to rs .  T he lab e llin g
p a t te r n s  w ere c o n s is te n t w ith  th e  form ation  of a la te r  sym m etrical
C ^-N -C ^ in te rm ed ia te  in re tro n e c in e  b io sy n th e s is  (Schem e 8 ).
F u r th e r  confirm ation  of th e  ro le  of p u tre s c in e  (27) in  th e
c o n s tru c tio n  of th e  nec ine  p o rtio n  of r e tro r s in e  (12) w as o b ta in ed  b y  
13s y n th e s is in g  [1 ,2 -  C ^ ]p u tre sc in e  (34) d ih y d ro ch lo rid e  an d  feed in g  i t  to  
37 13S . i s a t id e u s . [1 ,2 -  C 2]- l “B rom o-2 -ph tha lim idoethane  (3 5) was
tr e a te d  w ith th e  anion of e th y l c y an o a ce ta te  to  g ive th e  e s te r  (3 6 ).
T he e s te r  was d e -e th o x y c a rb o n y la te d  in dim ethyl su lp h o x id e  (DMSO)
co n ta in in g  sodium ch lo ride  an d  w a te r to  g ive th e  n it r i le  (3 7 ) , w hich was
h y d ro g e n a te d , a n d  th e  ph tha lim ide  was h y d ro ly se d  in  ac id  to  a f fo rd  th e  
13C -la b e lle d  p r e c u r s o r  (34) ( Scheme 9) .
BrCH2CH2Br — - -> N13CCH2CH213CN
1. b h , / t h f  
   >
2. H C 1
Br13CH213CH2
1. b h 3/  t h f
----------------------- d>
2 .H C I
2n 13c h 2c h 2c h 213c h 2n h 2
2 HCl
(32)
S ch em e  7 (q )
r NaCN > NC13CH213CH2CN
2n c h 213c h 213c h 2c h 2n h 2
2 HCl
(33)
S ch em e 7(b )
Sch em e 8
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Br CH , C H ,B r,
.CN
NaH
(36)
DMSO
N a C l / H , 0
o
13_ .  . 13p c h 2 c h 2c h 2cn 1. P t0 2/ H 2
2. H C l/  A
(37)
h 2n 13c h 213c h 2c h 2c h 2n h 2
(3A)
2 HCl
S ch em e 9
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13 1T he C -{  H} n . m . r .  sp ec tru m  of the  b io sy n th e tic a lly  form ed 
re tro n e c in e  ex h ib ite d  e ig h t p a i r s  of d o u b le ts  flank ing  th e  e ig h t ca rb o n  
s in g le ts .  Once ag a in  th e  id e a  of a sym m etrical in te rm ed ia te  was su p p o r­
te d ,  b eca u se  all th e  d o u b le ts  w ere  of equal in te n s ity .
G rue-S<£rensen a n d  S p e n se r  p ro v id e d  unequ ivocal ev id en ce  ■ 
th a t  a sym m etrical C ^-N -C ^  in te rm ed ia te  is invo lved  in  re tro n e c in e
b io sy n th e s is  when th e y  d e te rm in e d  th e  mode of in c o rp o ra tio n  of 
15 13[ 1-am ino- N , l -  C ]p u tre s c in e  d ih y d ro ch lo rid e  (38) in to  Senecio v u lg a r is .
T h is  p la n t con ta in s  a m ix tu re  of p y rro liz id in e  a lk a lo id s , all of w hich have
re tro n e c in e  as th e ir  n ec in e  b a s e .  A sam ple of th is  p re c u r s o r  (38) was
p re p a re d  b y  tre a tm e n t of N - ( 3 -b rom opro p y l)p h th a lim id e  (39) w ith 
13 15p o tassium  [ C - N] c y a n id e , followed b y  h y d ro g e n a tio n  u s in g  R aney
n ickel an d  acid  h y d ro ly s is  (Schem e 10) . On com pletion of th e  feed ing
ex p e rim en t, th e  to ta l a lkalo ida l m ix tu re  e x tra c te d  was h y d ro ly s e d  an d
th e  d is tr ib u tio n  of la b e ls  w ith in  th e  lab e lled  re tro n e c in e  was a n a ly se d  b y  
13C n .m . r .  s p e c tro sc o p y . F o u r eq u a lly  en h an c ed  s ig n a ls  w ere o b s e rv e d
13c o rre sp o n d in g  to  e n ric h m en t of C a t C -3 , C -5 , C -8 an d  C -9  of
re tro n e c in e . More im p o rta n tly  h o w ev er, exam ination of th e  d iffe re n c e  
13sp ec tru m  ( C -lab e lled  -  n a tu ra l  ab u n d an ce), show ed th a t  b o th  s e ts  of 
s ig n a ls  due to  C -3 a n d  C -5  com prised  a d o u b le t, su p e rim p o sed  on a
TO 1 C
s in g le t. T he d o u b le ts  w ere in d ica tiv e  of C - N sp ec ie s  a n d  th e  
s in g le ts  w ere a co n seq u en c e  of ^ C - ^ N  sp ec ie s . F u r th e rm o re , th e  
d o u b le ts  w ere of ro u g h ly  eq u a l in te n s ity ,  w hich was e n t ire ly  c o n s is te n t 
w ith th e  concep t th a t  th e  b io sy n th e s is  of re tro n e c in e  p ro c e e d e d  b y  way 
of a sym m etrical C 4"N -C 4 in te rm e d ia te .
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Br
K C N
DMF
(39)
t 15N
Raney N i /
- A -
AcoO
15.NHAc H>A
CH
H2NCH2CH2CH2I3CH21 NH2 2 HCl
(38)
S c h e m e  10
29
13 15By c o n t r a s t ,  feed in g  ex p erim en ts  w ith  [ C - N ]c a d a v e rin e
(40) on L u p in u s  sp ec ie s  show ed th a t  no la te r  sym m etrical in te rm ed ia te  is
invo lved  in  th e  b io sy n th e s is  of qu ino lizid ine a lk a lo id s , su ch  as  lu p in in e
3Q 40(41) an d  sp a r te in e  (42) (Schem e 11)
141)
2
\ x n h 2
(40) 
S ch em e  11
K han a n d  R ob ins c o rro b o ra te d  th e  f in d in g s  of G ru e -S ^ re n se n
15 13an d  S p e n se r  w hen th e y  fed  [ 1-am ino- N , l -  C ]p u tre s c in e  (38) d ih y d ro -
41ch lo ride  to  S . i s a t id e u s . H ow ever, of g re a te r  s ig n ifican ce  was th e
id en tifica tio n  of th e  sym m etrical in te rm ed ia te  as  1, 6 , 1 1 -tr iazu n d eca n e  
(hom osperm idine) (4 3 ).
H 2 N  S .   N H 2
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One of th e  p r in c ip a l re a so n s  th a t  K han an d  R ob ins c o n s id e re d
hom osperm idine a s  th e  C ^-N -C ^  in te rm ed ia te  was b e c a u se  i t  was a know n
42 14c o n s ti tu e n t in m any p la n ts .  A cco rd in g ly , C -la b e lle d  hom osperm idine
was sy n th e s is e d  as  fo llow s. T he N _-benzyloxycarbonyl d e r iv a tiv e  of
4-am inobutanoic ac id  (44) was co n d en sed  w ith  3 -brom opropy lam ine .
14T re a tm e n t of th e  r e s u l t a n t  p ro te c te d  amide w ith po tass iu m  [ C] cy an ide
g av e  th e  c o rre sp o n d in g  n it r i le  (4 5 ) , w hich was h y d ro g e n a te d  an d  th e
14am ide was re d u c e d  w ith  b o ra n e  in  THF to a ffo rd  C -la b e lle d  homo­
sperm id ine  (4 6 ), iso la te d  a s  i t s  tr ih y d ro c h lo r id e  (Schem e 12).
14F eeding  C -la b e lle d  hom osperm idine to S . is a t id e u s  gave 
14specifica lly  C -la b e lle d  re tro n e c in e ,  a f te r  a lkaline h y d ro ly s is  of r e t r o r -
s in e . T he b ase  was t r e a te d  w ith  O sO ^-HIO^ to g ive fo rm ald eh y d e ,
14iso la ted  as i ts  dim edone d e r iv a tiv e , an d  th is  co n ta in ed  44% of th e  C
b a se  a c tiv ity . M odified K u h n -R o th  ox ida tion  p ro d u c e d  3- alan ine
(c o rre sp o n d in g  to C -5+C -6+C -7 of re tro n e c in e ) ,  iso la te d  as  i ts
14N -2 ,4 -d in itro p h e n y l d e r iv a tiv e  w ith ca. 1% of th e  to ta l C b ase  a c tiv ity . 
B o th  o b se rv a tio n s  w ere  c o n s is te n t w ith th e  in ta c t in c o rp o ra tio n  of homo­
sperm id ine  (43) in to  re tro n e c in e .  T he p re se n c e  of homo sp erm id ine  
w ith in  th e  p la n t was also  show n b y  an  in te rm ed ia te  tr a p p in g  ex p e rim en t.
A com plete lab e llin g  p a t te rn  in  re tro n e c in e  (3) w as p ro v id e d  
13a f te r  ad m in is te rin g  [1 ,9 -  C ^lhom osperm id ine (47) tr ih y d ro c h lo r id e  to 
43S . is a t id e u s , P re p a ra t io n  of th is  p re c u r s o r  inv o lv ed  th e  re a c tio n  of
13benzy lam ine w ith two e q u iv a le n ts  of 4 -c h lo ro - [ l -  C J b u ta n e n itr i le  (48)
44followed b y  ca ta ly tic  h y d ro g e n a tio n  an d  ac id ifica tion  (Schem e 13).
13 1T he C -{  H} n . m . r .  spec tru m  of re tro n e c in e  show ed  th e  
p re se n c e  of two d o u b le ts  ( J  6 H z ) , flan k in g  th e  s in g le ts  c o rre sp o n d in g  to
PhCH2OCONH(CH2)4COOH
( U )
1. BrCH2CH2CH2NH2
u
2. K CN
14PhCH2OCONH(CH2)ACONH(CH2)2 CN
(45)
1. P t0 2/ H 2
3. HCl
NH 2
3 HCl
Schem e 12
c k c h 2)313cn
(48)
1. PhCH2NH;
2  P t 0 2,H 2 
3. HCl
3 HCl
Scheme 13
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C -8 an d  C -9 . T he o b se rv a tio n  of a geminal coupling  c o n s ta n t 
(be tw een  C-8 an d  C -9 of re tro n e c in e )  was ex ce llen t ev id en ce  fo r th e  
in ta c t  in c o rp o ra tio n  of homo sperm id ine  in to  re tro n e c in e .
With th e  like lihood  th a t  hom osperm idine is  th e  in te rm ed ia te  
w ith C 2 V sym m etry , an  ex p lan a tio n  of how it  is c o n v e rte d  in to  p y r ro liz i­
dine alkalo ids was n e c e s s a ry .  I t  is p o ssib le  th a t  diam ine ox idase  
enzym es o x id ises th e  two p rim a ry  amino g ro u p s , th u s  g e n e ra tin g  a 
d ia ld eh y d e  (49a) in  equ ilib rium  w ith  an  immonium ion (4 9 b ) . C yclisa tion  
of th e  immonium ion w ould a f fo rd  1 -fo rm y lp y rro liz id in e  (50) from  w hich 
1 -h y d ro x y m e th y l-p y rro liz id in e  (51) w ould be o b ta in ed  a f te r  re d u c tio n  
(Schem e 14) .
T he fea s ib ility  of th e  p ro p o se d  p a thw ay  was d em o n stra ted  by
th e  co n v ers io n  of hom osperm idine (43) in to  ( ± )-tra c h e la n th a m id in e  (5 1 a ),
u s in g  diamine ox idase  a n d  d e h y d ro g e n a se  enzym es a n d  physio log ica l 
45co n d itio n s . A dditional s u p p o r t  came from th e  in c o rp o ra tio n  of 
(± ) - [3 ,  5 -^ C ]tra c h e la n th a m id in e  (51a1) a n d (± )- [ 5 -^ H ]iso re tro n e c a n o l (5 1 b 1)
in to  rid d e llin e  (26) in Senecio  rid d e lli .. 46
„ CHoOH 
H ' 2I* '
-j- enantiomer
+  enantiomer
HQ £HoQH
C K ^ q  2 f J
(26)
V ^ N H
[27)
(5 0 a )  R - a -  
(50 b) R= 0 -
H
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D eg rad a tio n  s tu d ie s  in d ic a te d  th a t  b o th  d ia ste reo iso m ers  (51a1) 
an d  (5 l b 1) w ere in c o rp o ra te d  sp ec ifica lly  in to  th e  re tro n e c in e  moiety of 
r id d e llin e  (2 6 ). T rac h e lan th am id in e  was also  a more e ffic ien t p r e c u r s o r  
th a n  iso re tro n e c a n o l, a lth o u g h  w hich enan tiom er was invo lved  was n o t 
e s ta b lish e d .
3
In  a sim ilar s e t of e x p e rim en ts  ( ±) — [ 5— H] trac h e lan th am id in e  
2a n d  (± ) - [5 -  H] iso re tro n e c a n o l w ere  fe d  to  S . is a t id e u s  an d
47S . p le is to c e p h a lu s , th e  la t te r  of w hich p ro d u c e s  ro sm arin in e  (20) .
I t  was concluded  th a t  iso re tro n e c a n o l (51b) is  in c o rp o ra te d  in to
ro sm arin in e  34 tim es m ore e ffic ien tly  th a n  trac h e lan th am id in e  (51a) an d
ca . fo u r tim es m ore e ff ic ien tly  th a n  p u tre s c in e  (2 7 ). On th e  o th e r
h a n d , trach e lan th am id in e  w as fo u n d  to be 20 tim es b e t te r  as a p re c u r s o r
fo r re tro n e c in e  b io s y n th e s is  th a n  iso re tro n e c a n o l. Com bining r e s u l t s
from  b o th  g ro u p s  of w o rk e rs  s u g g e s ts  th a t  trac h e lan th am id in e  (51a) is
a la te r  in te rm ed ia te  in  re tro n e c in e  b io s y n th e s is , w hich is in  good
ag reem en t w ith th e  p o s tu la te d  p a th w ay .
U ntil 1983, d e ta ils  on th e  stereochem ical a sp e c ts  of re tro n e c in e
b io sy n th e s is  h a d  n o t b een  p u b lish e d . T h is  c h an g e d  w hen it  was show n
th a t  re tro n e c in e  is  d e r iv e d  from th e  L -en an tio m ers  of a rg in ine  o r
o rn ith in e , w ith l i tt le  o r no c o n trib u tio n  from th e  c o rre sp o n d in g  D -iso m ers .
A w ealth  of s te reochem ica l inform ation  was o b ta in ed  w hen
p u tre s c in e s ,  sp ec ifica lly  lab e lle d  w ith deu terium  w ere fe d  to  p la n ts
p ro d u c in g  p y rro liz id in e  a lk a lo id s , an d  com plete lab e llin g  p a t te r n s  w ere 
2e s ta b lish e d  b y  H n .m . r .  sp e c tro sc o p y . Key ste reochem ical d e d u c tio n s
w ere made a f te r  ( R ) - [  l - ^ H ] - (  52) an d  (S ) - [  1 -^ H ]-p u tre s c in e  (53)
49d ih y d ro ch lo rid e  w ere fe d  to  S . i s a t id e u s . B oth  p r e c u r s o r s  w ere f i r s t
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50 2p re p a re d  b y  R ic h a rd s  an d  S p e n se r . ( R ) - [ l -  H ]P u tre sc in e  (52) was
2
p re p a re d  b y  d eca rb o x y la tio n  of L -o rn ith in e  in  w ith o rn ith in e  d e c a r­
b o x y la se  (Schem e 15) . T h is  is an enzym e reac tio n  w hich is  know n to
51p ro c e e d  w ith  re te n tio n  of c o n fig u ra tio n . P re p a ra tio n  of th e  (S )-iso m er
in v o lv ed  re a c tin g  th e  ca rb an io n  of d ie th y l acetam idom alonate w ith N -(3 -
b ro m o p ro p y l)p h th a lim id e  (39) to g ive in te rm ed ia te  (5 4 ). On h ea tin g  w ith
DC1 a t re f lu x  th e  ph tha lim ide (54) was d e c a rb o x y la te d  an d  h y d ro ly se d  to 
2
form D L -[2 - H ]o rn ith in e  m onohydroch lo ride  (5 5 ), a f te r  w ork u p . In cu b a tio n
2
of th e  racem ate  w ith  o rn ith in e  d e ca rb o x y la se  in w ater p ro v id e d  ( S ) - [ l -  H ]-
2
p u tre s c in e  d ih y d ro c h lo rid e  (53) leav ing  D -[2 -  H] o rn ith in e  u n ch an g e d  
(Schem e 16) .
2
When ( R ) - [ l -  H ]p u tre sc in e  (52) was fed  to S . i s a t id e u s , fo u r
2 1main s ig n a ls  w ere e v id e n t in th e  H -{ H} n .m . r .  sp ec tru m  of r e tro r s in e  a n d
th e se  c o r re s p o n d e d  to  deu terium  a t C -3 $ , C -5 a , C -8 a  an d  C-9 p ro~ S . T he
d is tr ib u tio n  of la b e ls  w as in te rp re te d  as fo llow s. T he in itia l s tep  invo lves
th e  enzym atic  ox id a tio n  of p u tre sc in e  to  4 -am inobu tana l (56) . I t  is  know n
th a t  d iam ine o x id a se s  s te reo sp ec ifica lly  rem oves th e  p r o - S -hydrogens from
52th e  m e th y len e  g ro u p s  of p rim ary  am ines on o x id a tio n , an d  so th is  in itia l 
ox ida tion  o c c u rs  w ith com plete re te n tio n  of d e u te riu m . C oupling  of 
4 -am inobu tana l w ith  a n o th e r  molecule of p u tre s c in e  g ives an imine (5 7 ), 
w hich u n d e rg o e s  s te reo sp ec if ic  re d u c tio n , w ith th e  h y d r id e  eq u iv a len t 
b e in g  d e liv e re d  on th e  C-si_ face to form  lab e lled  hom osperm idine (5 8 ).
Two f u r th e r  o x id a tio n s  on th e  te rm inal c a rb o n  atom s of homo sperm id ine  
ta k e  p lace  w ith  re te n tio n  of th e  p ro -R a n d  lo ss  of th e  p r o - S h y d ro g e n s  
to  g ive  th e  d ia ld eh y d e  (5 9 ). In tram o lecu la r a t ta c k  on th e  C - re  face 
of th e  immonium ion (60) g ives 8 a-fo rm y la ldehyde  b y  d e liv e ry  of th e
36
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h y d r id e  eq u iv a len t on th e  C -re  face of th e  ca rb o n y l g roup  le ad s  to  
r e t r o r s in e  (62) w ith lab e ls  show n (Schem e 17).
A dditional s u p p o r t  fo r th is  ex p lan a tio n  came from feed ing
2 2 1 ( S ) - [ l -  H ]p u tre sc in e  d ih y d ro ch lo rid e  (5 3 ) . T h e  H -{ H} n .m . r .  sp ec tru m
show ed two s ig n a ls  c o rre sp o n d in g  to  d eu te riu m  a t C -3a  and  C-5|3 of
r e t r o r s in e .  Few er deu terium  la b e ls  w ere p r e s e n t  b ecau se  of th e  rem oval 
2
of th e  ( S ) — [ 1— H] atoms d u rin g  th e  th re e  o x ida tion  s te p s  of amine to
a ld eh y d e  (63) (Schem e 18).
C om parable r e s u l t s  w ere o b ta in e d  b y  S p e n se r  who looked  a t
2
th e  in c o rp o ra tio n  of enan tiom eric  [1 - H ]p u tre s c in e s  in to  a, m ix tu re  of
53 2a lk a lo id s . S p e n se r  e t a l. , also u s e d  ( R ) - [ l -  H ]p u tre sc in e  d ih y d ro -
2ch lo rid e  in  con junction  w ith H n .m . r .  sp e c tro sc o p y  in  a s tu d y  of th e
53s te re o c h e m is try  of n ico tin e  (64) b io s y n th e s is .
(64)
More stereochem ical d e ta ils  em erged  from a sample of r e t r o r -  
s in e  d e r iv e d  b io sy n th e tic a lly  from feed in g  S . isa tid e u s  with (2 R )- [2 -  H ]-  
(65) a n d  ( 2 S )-[2 -^ H ]p u tre s c in e  (66) d ih y d r o c h lo r id e .^  K unec a n d
R obins p r e p a re d  th e se  b y  ex te n d in g  a n d  s lig h tly  m odifying th e
55 2u n p u b lish e d  ro u te  of A rigon i an d  Eliel to  th e  enantiom eric  [2 - H ]-
su cc in ic  a c id s . T rea tm e n t of ( 2 S )-a s p a r tic  ac id  (67) w ith  a m ix tu re  of
h y d ro c h lo r ic  an d  n itr ic  ac id s  in th e  p re se n c e  of u re a , r e s u lte d  in  th e
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rep la cem e n t of th e  amino g ro u p  b y  ch lo rin e  w ith re te n tio n  of c o n f ig u r­
a tio n . S u b se q u e n t d ie s te r  form ation a n d  se lec tiv e  red u c tio n  w ith  d i-  
isobu ty la lum in ium  h y d r id e  a ffo rd e d  ( 2 S ) -2 -c h lo ro b u ta n e - l ,  4-diol (6 8 ) . 
T h e n , tre a tm e n t of th e  diol w ith lith ium  aluminium d e u te r id e  r e s u l te d  in
d isp lacem en t of th e  ch lo rine  b y  a d eu te riu m  atom w ith in v e rs io n  of
2
co n fig u ra tio n  to  y ie ld  (2 R )-[2 -  H ] b u ta n e - 1 ,4-diol (6 9 ). (A p o rtio n  of
2
th is  sam ple was o x id ised  to  (2 R )- [2 -  H] succ in ic  acid  fo r com parison  of
i ts  o . r . d .  da ta  w ith  l i te r a tu re  v a lu e s ) .  F in a lly , form ation of th e
d ibrom ide from th e  diol (6 9 ), c o n v e rs io n  in to  th e  diazide a n d  re d u c tio n
2
of th e  d iazide gave  (2 R )- [2 -  H ]p u tre s c in e  (65) d ih y d ro ch lo rid e
2
(Schem e 19). A sam ple of (2 S ) - [2 -  H ]p u tre s c in e  (66) d ih y d ro c h lo rid e
was p re p a re d  from ( 2 R )-a sp a rtic  ac id  in  a sim ilar fash ion .
2 1T he H -{ H} n .m .r .  sp ec tru m  of re tro r s in e  d e riv e d  from th e
2
( 2 R )-p re c u rs o r  (65) show ed H to b e  p r e s e n t  a t  C -2 an d  C -6 a
2
(Schem e 20), and  from th e  (2 S )-iso m er (6 6 ) , H was lo ca ted  a t C -63  
a n d  C -7 a  (Schem e 21).
T hese  labe lling  p a t te rn s  re v e a le d  f ir s t ly  th a t  h y d ro x y la tio n  a t  
C -7  of re tro n e c in e  o c c u rs  w ith r e te n tio n  of co n fig u ra tio n . S ince th e re  
is  a d eu terium  label a t C -7 a  a f te r  feed in g  (2 S )- [2 -  H ]p u tre s c in e , th is  
in d ic a te s  th a t  th e  in tro d u c tio n  of o x y g en  does n o t involve a k e to  o r 
enol in te rm e d ia te . S econd ly , th e  fo rm ation  of the  1 ,2 -d o u b le  b a n d  
in v o lv es  th e  rem oval of th e  p r o - S h y d ro g e n  a t th e  carbon  w hich becom es 
C -2  of re tro n e c in e , an d  th e  re te n tio n  of th e  p r o - R h y d ro g e n .
C onclusions -  A num ber of in te rm e d ia te s  in th e  b io sy n th e tic  p a th w ay  to  
re tro n e c in e  hav e  b een  id e n tified  an d  m ost of th e  s tereochem ical d e ta ils  
h av e  b een  e lu c id a te d . T h is d e ta ile d  know ledge sho u ld  now b e  e x te n d e d  
to  encom pass m ore of th e  know n p y rro liz id in e  b a s e s .
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*f* No m olecules of p u tre s c in e  p r e c u r s o r s  (5 2 ), (5 3 ), (6 5 ), a n d  (66) can
2
co n ta in  more th a n  one H atom . T he labe lling  p a t te rn s  fo r r e t r o r s in e
d e p ic te d  in  Schem es 17, 18, 20 a n d  21 a re  th e re fo re  com posite r e p r e s e n t -  
2atio n s  of all th e  H -lab e lled  sp ec ie s  th a t  w ere p re s e n t .
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2 .2  B io sy n th e s is  of P y rro liz id in e  Necic A cids
A lthough  w ork on necic  ac id  b io sy n th e s is  does n o t fdrm p a r t  
of th is  th e s is ,  th e  b io sy n th e tic  ro u te s  to  th e se  ac id s  a re  of co n s id e rab le  
in te r e s t .  T h e re fo re , th e  r e s e a rc h  in  th is  a rea  is  sum m arised  h e re .
P y rro liz id in e  alkalo id  ac id  p o rtio n s  d em o n stra te  sev e ra l 
s t r u c tu ra l  ty p e s .  T h ey  can be  d ib a s ic , as well as m onocarboxylic , an d  
show  v a ria tio n s  in d e g re e s  of u n s a tu ra t io n ,  h y d ro x y la tio n  a n d  s te re o ­
ch em is try  (T ab le  3) .
S tu d ie s  on necic  ac id  b io sy n th e s is  have  c o n c e n tra te d  mainly on 
th e  s tru c tu ra lly  re la te d  ac id s  of G roup  1 (T ab le  3); in p a r t ic u la r ,  
senecic  (70) an d  seneciphy llic  (71) a c id s .
1 3 ,2(70)
(71) R1,R2=CH2 , R3: H 31 2
(25) R^R^CH;,, R3- H
B io sy n th e tic  in v e s tig a tio n s  b eg an  w hen H u g h es a n d  W arren
Chem ical
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14 i 14fed  [1 - C Jand  [2 -  C] a ce ta te  to  Senecio  is a t id e u s .
d eg rad a tio n s  show ed two com plem entary  labelling  p a t te r n s  in th e
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T ab le  3.
GROUP
1.
2 .
3.
4.
5.
V aria tion  in S tru c tu r e  of th e  A cids from th e  P y rro liz id in e  
A lkaloids
CARBON SKELETON NATURAL ACIDS
c-c-c-c-c-c-c
00H COOH
? ?c-c-c-c-c-c? iCOOH COOH 
C
C -C-C -C -C
;00H COOH
c
c-c-c-c-c
1 ,;00H COOH
Senecic ( 70) , seneci- 
p hy llic  ( 71) , r id d e l lic , 
isa tin ec ic  (14)
S c e le ra n e c ic , sce le ra tin ic
M onocrotalic (86)
In can in ic , trichodesm ic 
(8 7 ), g ra n tia n ic
\ c-c-c-c
COOH
T ra c h e la n th ic , v irid iflo ric  
(208), ech im id in ic , 
la sio ca rp ic
Simple ac id s c-c-c-c
COOH
A ngelic (8 3 ) , tig lic , 
s a r ra c in ic
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isa tin ec ic  ac id . To a cc o u n t fo r th e ir  o b se rv a tio n s , th e y  p ro p o se d  a 
b io g en e tic  ro u te  w hich  in v o lv ed  th e  co n d en sa tio n  of a c e ta te  to  ace to - 
a c e ta te ,  in se rtio n  of a o n e -c a rb o n  u n it  an d  th e  com bination of th e  two 
r e s u l ta n t  C c- u n i t s ,  a s  show n below .D
in v e s tig a tio n s  w ere b a se d  only  on senec ip h y llic  ac id  (7 1 ) , since the  
p a r e n t  alkaloid  sen ec ip h y llin e  (25) , is th e  major com ponent of the
r e s u l te d  in a com plete random isation  of ac tiv ity  be tw een  th e  acid  and
b a se  p o rtio n s . C ro u t e t al. a t t r ib u te d  th is  to  th e  in co rp o ra tio n  of
a c e ta te  by  an in d ire c t  ro u te  and  th u s  i t  was no t d ire c tly  condensing  to
form immediate p r e c u r s o r s  of th e  necic ac id . T he p o ss ib ility  of an
ace ta te -m ev a lo n a te  p a th w ay  was su b se q u e n tly  e x p lo re d . One of th e
re a so n s  fo r co n s id e rin g  th is  pa th w ay  was th e  a p p a re n t iso p ren o id
14sk e le to n  of sen ec ip h y llic  ac id  (7 1 ). [2 - C JM evalonate was fe d , b u t  th e
in co rp o ra tio n  f ig u re s  w ere no  h ig h e r  th a n  fo r a c e ta te ,  a n d  so th e  
ace ta te -m ev a lo n a te  p a th w ay  was n o t co n s id e re d  lik e ly  in  necic  acid  
b io s y n th e s is .
C
: from a o n e -c a rb o n  donor
R ela ted  s tu d ie s  w ere c a r r ie d  o u t b y  C ro u t e t a l. on Senecio
57doug lasii DC, a p la n t  w hich p ro d u c e s  fo u r know n a lk a lo id s . H ow ever,
14m ix tu re  (65%). F eed in g  ex p erim en ts  w ith lab e lled  a ce ta te  ( C)
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D uring  th e se  p re lim in a ry  a ttem p ts  to d isco v e r th e  p a th w ay s  to 
14necic  a c id s , v a rio u s  C -la b e lle d  amino acids w ere s c re e n e d  as p o ssib le  
p r e c u r s o r s ,  an d  i t  was fo u n d  th a t  iso leucine (73) a n d  its  biological 
p re c u r s o r  th reo n in e  (72) w ere e ff ic ie n t an d  specific  p r e c u r s o r s  of s e n e ­
ciphy llic  acid (71) in Senecio  d o u g lasii D C.~^ Feed ing  [ U - ^ C ] - L -  
iso leucine (74) r e s u lte d  in  a f iv e -c a rb o n  com ponent com prising
(C -4 , -5 , -6 , -7 , an d  -10) of senec ip h y llic  acid  be ing  most heav ily
14lab e lled  ( c a . 2/3 of to ta l a c t iv i ty ) .  When [1 - C ]-L -iso leu c in e  was
a d m in is te re d , i t  was in c o rp o ra te d  w ith  le ss  th a n  one te n th  of th e
effic iency  of [U -^ C ] -L - is o le u c in e ,  in d ica tin g  th a t  C - l  of dso leucine is
n o t in c o rp o ra te d . T h ese  r e s u l t s  allow ed C ro u t e t a l. to su g g e s t th a t
iso leu c in e  is  in c o rp o ra te d  in to  th e  le f t  h an d  C ^ -u n it of seneciphy llic  ac id
as show n in Schem e 2 2 (a ). A n o th e r mode of in co rp o ra tio n  was also
c o n s id e re d , (Schem e 2 2 (b ) ) ,  b u t  th is  was re je c te d  on th e  following
ev id en ce . If p a thw ay  (b )  is th e  c o r re c t ro u te ,  th e n  a f te r  feed ing  
14[U - C ]-L - th re o n in e  (7 5 ), th e re  sh o u ld  have  been  equal labelling  a t
C -6 , C -7  and  C-10 of th e  necic  ac id . H ow ever, d e g rad a tio n  ex p erim en ts
14show ed th a t  th e  C -6 , -7 u n it  d e r iv e d  from [U - C ]-L - th re o n in e  co n ta in ed  
m ore th a n  fo u r tim es as m uch a c tiv ity  as C -10. T h u s , ro u te  (a) was 
p r e f e r r e d .
When C ro u t e t a l. ad m in is te re d  [U -^ C ]-L - iso le u c in e  (74) to 
Senecio  d o u g la s ii, i t  w as d isc o v e re d  th a t  C - l ,  C-8 an d  C -9 of se n e c i­
phy llic  acid  (71) w ere eq u a lly  la b e lle d . C o n seq u en tly , it  a p p e a re d  
p o ssib le  th a t  th e  C - l ,  -2 ,  -3 ,  -8 , an d  -9  u n it m ight a lso  b e  d e r iv e d  
from iso leucine . T h is  was confirm ed  w hen [U -^ C ] -L - th re o n in e  (75) w as
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u se d  in  a feed ing  e x p e rim en t w ith  Senecio m ag n ificu s . T h is  p la n t 
p ro d u c e s  senecion ine  (19) as i t s  major alkaloid an d  h y d ro ly s is  y ie ld s  
senecic  acid  (70) an d  re tro n e c in e  (3 ) .  Specific chem ical d eg ra d a tio n  of 
th e  molecule show ed C -8 to be  e sse n tia lly  u n lab e lled , w h ereas  C - l  was 
heav ily  labe lled  (Schem e 23).
A d d itiona lly , exam ination of senecic acid  d e r iv e d  from
14[U - C ]-L -iso leu c in e  (74) show ed th a t  C - l  and  C-8 w ere n e a r ly  equally  
lab e lled  an d  th a t th e  a c tiv ity  w as ev en ly  d is tr ib u te d  th ro u g h o u t th e  
necic ac id .
When feed in g  ex p erim en ts  w ere  c a rr ie d  o u t w ith  spec ifica lly
lab e lled  iso leucines  on S . m a g n ificu s , th e  m anner in w hich iso leucine  is
in c o rp o ra te d  in to  th e  C -4 , -5 , -6 ,  -7 , an d  -10 com ponent of senecic
acid  was d e te rm in ed . F u r th e r  v e rif ic a tio n  was also p ro v id e d  th a t
iso leucine is a spec ific  p re c u r s o r  of th e  C - l ,  -2 , -3 , -8 , an d  -9
14com ponent. For in s ta n c e , [2- C ]iso leu c in e  lab e lled  C - l  a n d  C-10 of
14senecic  acid  equally  an d  e x c lu s iv e ly , an d  th e  labels from [5 - C ]iso leucine
w ere lo ca ted  a t C -7 an d  C -9 on ly . In ta c t  in co rp o ra tio n  of iso leucine
was also d em o n stra ted  b y  feed ing  doub ly  labelled  ( ^ C )  iso leu c in e . All
of th e se  ex p erim en ts  d em o n stra ted  conclu sive ly  th a t  sen ec ic  ac id  is
b io sy n th e s ise d  from two C,- u n its  d e r iv e d  from iso leuc ine  (73) (Schem e
24). More specifically , it  h a s  b een  experim en ta lly  e s ta b lish e d  th a t  of
all th e  fo u r s te reo iso m ers  of iso le u c in e , only L -iso leucine is  e ffic ien tly
59in c o rp o ra te d  in to  senecic  ac id .
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S G n P c ic  NalO/ Io-NaOH 8
Ackj ~ ~ C — CH3 - ----------> CHI3
(70)
1.
2 .
Li AIHa
hio4
CH 3
H CH2— C H — COCHo 1A
\- .< f  +  H CHO
c h 3 c h 2o h
D im e d o n e  
 1>
H H
S ch em e  23
■Ha c h 3^ r(pHO H CH3 — CH2 — CH— CH2 — CH— CH3
ch n h 2  > ch nh 2  chnh 2
co2h ' '  co 2 h' ^ c o 2 h'
(72) ^  (73)
c& h 9 h
H\  CH 2 - « - i - C H 3
-t> r - r
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c h 3 c o 2h  2
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D uring  th e  e a r l ie r  in v e s tig a tio n s  in to  th e  b io s y n th e s is  of
senec ip h y llic  ac id  (7 1 ), in S . douglasii DC, C ro u t e t a l. o b se rv e d  th a t
th e  S -m ethy l g ro u p  of m eth ionine was a re la tiv e ly  e ff ic ien t specific  
58p re c u r s o r  of C -8 . T h is  can  be ex p la in ed  b y  assum ing  th a t  th e  m ethyl 
g ro u p  of m ethionine is  c o n v e r te d  in Senecio  sp ec ie s  in to  th e  m ethyl 
g ro u p  of p y ru v a te  v ia  s e r in e  (7 6 ). S u p p o r t fo r th is  th e o ry  r e s ts  in 
th e  con v ers io n  of s e r in e  in to  p y ru v a te  in  v ivo  (Schem e 2 5 ) . ^
f
y H 2  
<pH 2
CHNH2
ccyn
(771
C onfirm ation of th is  o b se rv a tio n  was p ro v id e d  b y  feed in g  pea 
14seed lin g s  w ith [Me- C ]-L -m etb io n in e  (7 7 ). T h is  gave an  in c o rp o ra tio n  
of 0.14% in to  s e r in e , an d  d eg rad a tio n  s tu d ie s  p ro v e d  th a t  th e  ra d io ­
a c tiv ity  was solely  lo c a te d  in  th e  h y d ro x y m eth y l g r o u p .
H aving e s ta b lish e d  th e  amino ac id  b a s is  of nec ic  ac id  b io ­
s y n th e s is ,  C ro u t a n d  co -w o rk e rs  dec ided  to ex p lo re  th e  m echanism  of 
coup ling  of th e  two iso leu c in e  d e riv e d  u n i ts .  ^  In it ia l ly , a tte n tio n  was
°c h 2oh 
■> chnh 2  
co2h
(76)
°c h 3
t o
cf Schem e 2 2 a
c o 2h
S ch em e 25
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fo cu ssed  on th e  ch an g e s  tak in g  p lace  a t  th e  coupling  p o sitio n s  C -4 an d
3 14C -6 of iso leu c in e . A cco rd in g ly , [6 - H , 6- C ]iso leu c in e  was p re p a re d  
a n d  ad m in is te red  to  a Senecio m agn ificus p la n t.  A pproxim ately  five 
s ix th s  of th e  tr itiu m  w as re ta in e d  in th e  senecic  ac id  an d  th u s  i t  was 
c e r ta in  th a t  one of th e  h y d ro g e n  atom s a t  C -6 in  iso leucine  (73) is  
re ta in e d  in i t s  co n v ers io n  in to  senecion ine  (1 9 ). To determ ine th e  fa te
3
of th e  h y d ro g e n  atoms a t C -4 in  iso leu c in e , [4- H ^]iso leucine  was fed  to 
S . is a t id e u s . Half of th e  tritiu m  lab e l was re ta in e d  in  th e  isa tinecic  
acid  (1 4 ). T h ese  r e s u l ts  w ere in fo rm ativ e  fo r two re a s o n s . F irs tly ,  
th e  p o ss ib ility  of a ca rb o n y l fu n c tio n  b e in g  u se d  to couple th e  two 
iso leuc ine  u n its  was elim inated . S eco n d ly , th e  ty p e  of functionality  
in tro d u c e d  in to  th e  C -3 , C-6 side  chain  of iso leucine  p r io r  to coupling 
m ight be C-CH^OH o r C=CH2 * T he la t te r  a p p e a re d  to  b e  th e  b e t te r  
choice b eca u se  th e  c o rre sp o n d in g  amino ac id  3_m ethy leneno rvaline  (78)
( 2 -am ino-3 -m ethy lenepen tano ic  a c id ) , o c c u rs  in n a tu re .  Once a su ita b le  
s y n th e s is  of th is  ac id  h ad  been  e s ta b lis h e d , rad io lab e lled  m aterial was 
fed  to  Senecio m a g n ificu s . D esp ite  b e in g  ab le to  show th a t  th e  rad io ­
a c tiv ity  was lo ca ted  e n tire ly  in th e  necic ac id , i t  was n o t possib le  to 
s ta te  w h e th e r th e  p r e c u r s o r  was in c o rp o ra te d  in to  only  one o r bo th  
h a lv es  of senecic  ac id .
51
D u rin g  L -iso leu c in e  b io s y n th e s is , 2 -e th y l-2 -h y d ro x y -3-
oxobu tano ic  ac id  (81) u n d e rg o e s  a te r t ia ry  k e to l re a rra n g e m e n t to
3 -h y d ro x y -3 -m e th y l-2 -o x  open tanoic ac id  (8 2 ) . T he  s te reo c h em istry  of
th is  r e a r ra n g e m e n t was e leg an tly  re v e a le d  b y  feed in g  2-am inobutanoic
ac id  (7 9 ) , s te re o sp e c if ic a lly  lab e lled  w ith  tr itiu m  a t C -3 , to S . isa tid e u s
62an d  S . m ag n ificu s . I t  was assum ed  th a t  enzym es such  as amino acid
tr a n s f e r a s e s  o r o x id ases  w ould o p e ra te  on 2-am inobutanoic acid  to
g e n e ra te  2 -o x o b u tan o a te  (80) in s i t u . T he  r e s u l t s  from feed ing
(2RS ,3 S ) - [ 3 - 3H 2] - ,  (2RS ) - [ 3 - 3H 2] - ,  ( 2 S )-[  3 -3H2] -  an d  (2 R )- [3 -3K2] -2 -
14am inobutano ic ac id , to g e th e r  w ith [3- C ]- la b e lle d  m aterial a re  shown in 
T able 4. T h ey  in d ica te  th a t  d u rin g  th e  g e n e ra tio n  of b o th  five carbon  
u n its  of th e  necic  ac id , th e  C -3 p ro -S  h y d ro g e n  of 2-am inobutanoic acid  
is  lo s t ,  an d  th e  C-3 p r o - R h y d ro g e n  is  r e ta in e d .  F or com parison , th e  
co rre sp o n d in g  ch an g e s  in  s te re o c h e m is try  a t  C -4  in L -(2 S )-iso leu c in e  
w ere d e te rm in e d  a f te r  feed ing  ( 2RS , 4RS ) - [  3~^H ^]~, (2S , 4 S )-[3 ,4 -^ H 2 ]“ 
( 2 S )-[ 4 -^H 2]- ,  an d  ( 2S, 4R )-[ 4 - - is o le u c in e , to g e th e r  w ith L - [ U - ^ C ] -  
iso le u c in e .
From th e  tab le  of r e s u l ts  it is e v id e n t th a t  th e  C -4 p r o - S
h y d ro g e n  of iso leucine is  lo s t ,  w hereas th e  C -4  p r o - R h y d ro g en  is
re ta in e d  d u rin g  in co rp o ra tio n  in to  b o th  h a lv e s  of th e  necic ac id . In
o th e r  w o rd s , th e  h y d ro g e n  atom s a t  C-13 a n d  C -20 of re tro r s in e  (12)
an d  senec ion ine  (19) a re  d e r iv e d  from th e  4 -p ro -R h y d ro g en  atom of
L -iso leu c in e . Com bination of th e  r e s u l t s  from b o th  s e ts  of ex p e rim en ts ,
in d ic a te d  th a t  th e  m igration  of th e  e th y l g ro u p  d u rin g  iso leucine
b io sy n th e s is  (Schem e 26) o c c u rs  w ith  re te n tio n  of c o n fig u ra tio n , w hich
63is  in a cc o rd  w ith o rb ita l sym m etry  ca lcu la tio n s .
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Iso leu c in e  h a s  also been  show n to  b e  a good p re c u rs o r  fo r th e
64angelic  ac id  (83) com ponent of h e lio su p in e  (84) in  C . officinale L .
p la n ts  (fam ily  B orag inaceae) . D eg rad a tio n  of h e lio su p in e  d e riv e d  from 
14[U - C ]-L -iso le u c in e  p ro v e d  th a t  th e  a c t iv ity  w as alm ost e n tire ly  (98%)
lo c a ted  in  th e  angeloy l p o rtio n  of th e  alkalo id  (Schem e 27).
On th e  o th e r  h a n d , echim idinic a c id , th e  'r ig h t  h an d ' necic
65com ponent of h e lio su p in e  (84) is  d e r iv e d  from  va lin e  (8 5 ). Feeding 
14[4- C l - DL-v a lin e  re s u lte d  in th e  b io sy n th e s is  of lab e lled  h e lio sup ine , 
with th e  echim idinic ac id  con ta in ing  85% of th e  to ta l a c tiv ity  of th e  
a lka lo id . In  ad d itio n , m ost of th e  a c tiv ity  of th e  acid  was loca ted  in 
th e  gem inal m ethy l atom s.
3 1 ,  ^
^  ^ ^ o 2 h
(85)
M onocrotalic ac id  (86) is  th e  necic  ac id  com ponent of mono-
c ro ta lin e  (1 8 ) , w hich is  p ro d u c e d  b y  C ro ta la r ia  s p e c ta b ilis . A b io sy n th e tic
14s tu d y  on m onocrotalic ac id  b eg an  by  te s t in g  C -lab e lled  ace ta te  as a
14p r e c u r s o r ,  s in ce  i t  h ad  been  claim ed th a t  h ig h  in c o rp o ra tio n s  of [ 1- C ]-
66a c e ta te  in to  m onocrotalic acid  w ere o b ta in e d . H ow ever, d esp ite
55
0 — C
i  HO 
\ \H O
CH3
1. N a IO A 
2. Hydrolysis
CH-,
Ba(OH)
HO
~b
CH3 COCH3  
CH3 CHO .
in a c t iv e
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re p e a te d  a tte m p ts  to confirm  th is  f in d in g , it  was concluded  th a t  a c e ta te  
was n o t an e ffic ien t p re c u rs o r .
8 y  Q H 3 -  
H 3 O - l _ A i 0 H
0  5 0  2
(86 )
HQ Me
J %
O H
'-Me
(18 )
B y analogy  w ith th e  b io s y n th e s is  of senecic ac id , it  a p p e a re d  
p ro b a b le  th a t  th e  fiv e -c a rb o n  u n it  co n s is tin g  of C - l , - 2 , - 3 , - 6 ,  an d  -7
of m onocrotalic ac id  was sim ilarly d e r iv e d  from iso leucine . L abelling
14 14e x p e rim en ts  w ith  [U - C ]-L -iso leu c in e  (74) an d  its  p re c u rs o r  [U - C ] -
L -th re o n in e  (75) found  th is  to be  t r u e .  T he o rig in  of th e  th re e -c a rb o n
u n it  com prising  C -4 ,-5 , and  -8  of m onocrotalic ac id  h as  still n o t b een
e s ta b lis h e d . S tru c tu ra lly ,  it  looks as if i t  could  be  d e riv e d  from
p ro p io n a te . In d e e d , i t  h ad  b een  r e p o r te d  b y  Nowacki an d  B yerru m
th a t  p ro p io n a te  was in c o rp o ra te d  in to  th e  necic acid  com ponent of m ono-
30c ro ta lin e  in C ro ta la ria  sp e c ta b ilis , b u t  th is  ev idence  is  no t co n c lu siv e .
T he involvem ent of b ra n c h e d -c h a in  amino ac id s  in necic ac id  
b io sy n th e s is  is  exem plified f u r th e r  b y  th e  w ork of D evlin an d  R o b in s . 
T h ey  looked  a t  th e  b io sy n th e s is  of trichodesm ic  ac id  (87) [p a re n t
3alkalo id  trich o d esm in e ] , in  C ro ta la r i  a g lob if e r a . Labelling ex p erim en ts
show ed th a t  th e  'r ig h t  h a n d 1 u n it  is  d e r iv e d  from th re o n in e  (72) or 
iso leucine  (73 ) ,  w hereas  th e  'le f t  h a n d ' C,- u n it  is  form ed from valine  (8 5)
o r  le u c in e  (88) (Schem e 28).
C onclusions -  Much in form ation  h a s  b e e n  o b ta in ed  concern ing  th e  b io ­
s y n th e s is  of necic acids u s in g  r a d io t r a c e r s .  H ow ever, ex p erim en ts  with
13 2p re c u r s o r s  lab e lled  w ith s tab le  iso to p es  ( C , H) h av e  no t been  c a r r i e d
o u t y e t .  S uch  ex p erim en ts  may th ro w  m ore l ig h t on th e  b io sy n th e s is  of
th e  wide r a n g e  of necic ac id s; in  p a r t ic u la r ,  th e  in tr ig u in g  mode of 
coup ling  of th e  two u n its  to  form  th e  a c id s .
58
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C h a p te r  3 
BIOSYNTHESIS OF ROSMARINECINE
3.1  In tro d u c tio n
R e tro n ec in e  (3) was th e  only  nec in e  b ase  whose b io sy n th e s is
h a d  b een  s tu d ie d  in detail u n til 1986. T h is  was r a th e r  c u rio u s ,
c o n s id e r in g  th e  ex ten s iv e  ra n g e  of n ec in es  w hich h a d  b een  is o la te d , an d
th e  p o w erfu l sp ec tro sco p ic  te c h n iq u e s  w hich th e  o rgan ic  chem ist can
u tilis e  to  in v e s tig a te  b io sy n th e tic  p a th w a y s . I t  was th e re fo re  d e c id e d
to  w iden th e  scope of b io sy n th e tic  s tu d ie s  in th is  a re a .
To s ta r t  ou r w ork, ro sm arin in e  was iso la ted  as th e  m ajor
alka lo ida l c o n s ti tu e n t of Senecio p le is to cep h a lu s  S. Moore p la n ts  (fam ily
C om positae) . R osm arinecine (21) is  th e  b ase  po rtion  of ro sm arin in e  (2 0 ).
I t  h a d  b e e n  show n by K unec an d  R obins th a t  ( ± )- iso re tro n ecan o l (51b)
47is  in c o rp o ra te d  specifically  an d  e ffic ien tly  in to  ro sm arinecine  w h e reas
th e  d ia s te reo iso m e r (± )- tra ch e la n th am id in e  (51a) is an e ffic ien t p r e c u r s o r
46 47fo r  re tro n e c in e  b io sy n th e s is .  ’ T h u s , i t  is c lear th a t  th e  two b io ­
s y n th e t ic  p a th w ay s  d iv e rg e  p r io r  to  th e  form ation of alcohols (51a) an d  
(5 1 b ). T h ese  o b se rv a tio n s  th e re fo re  made an  in v e s tig a tio n  of th e  
e a r l ie r  s te p s  in th e  b io sy n th e tic  p a thw ay  to ro sm arinecine  e s se n tia l.
60
(20)
— OH
(21 )
(51a) R = « - c h 2OH 
(51b) R=/?-CH2OH
3. 2 Id en tif ic a tio n  of R osm arin ine ( 20)
A m ethanolic ex tra c tio n  of Senecio p le is to cep h a lu s  p ro v id e d  one
c ry s ta l l in e  a lka lo id , m .p . 204°C in  0.15% y ie ld . When a th in  la y e r
chrom atogram  of th e  com pound was s p ra y e d  w ith  o -ch lo ra n il followed by  
68E h r l ic h 's  r e a g e n t,  it was ev id en t th a t  th e  alkaloid  d id  n o t con ta in  a
1 ,2 -d o u b le  b o n d . A m olecular form ula of C ^gH ^N O ^ w as a s s ig n e d  to
th e  a lkalo id  on th e  b a s is  of h igh  re so lu tio n  m ass sp e c tro m e try  an d
a n a ly tic a l d a ta . T h is  m olecular form ula c o rre sp o n d s  to  two know n
p y rro liz id in e  alkalo ids con ta in ing  s a tu ra te d  n ec in es , h y g ro p h y llin e  an d
1 13ro sm a rin in e . The H and  C n .m .r .  sp ec tro sco p ic  d a ta  of th e  alkaloid
69w ere  c o n s is te n t w ith th o se  re p o r te d  fo r ro sm arin ine  ( 20). Non­
d e p re s s io n  of a m ixed m elting p o in t w ith an au th e n tic  sam ple of ro sm ari­
n in e  (su p p lie d  b y  D r. C .C .J .  C u lv en o r) confirm ed th e  id e n t i ty ,  along
70w ith  X -ra y  c ry s ta l  s t r u c tu r e  an a ly sis  (F ig u re  2) c a r r ie d  o u t b y  
D r. A .A . F re e r .  T h is  show ed th a t  th e  e s te r  c a rb o n y l g ro u p s  a re
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a n tip a ra lle l,  as w ith all th e  12-m em bered p y rro liz id in e  alkalo ids w hich 
h av e  been  s tu d ie d  by  X -ra y  c ry s ta l lo g ra p h y . F u rth e rm o re , i t  is  
a p p a re n t  th a t  th e re  is  an  in te rm o lecu la r h y d ro g e n  bon d  be tw een  th e  
C -2  h y d ro x y l an d  th e  N atom .
T he b io sy n th e s is  of ro sm arin ine  (20) was to  b e  e x p lo re d  u s in g
13 1C a n d  H n .m .r .  sp e c tro sc o p y . C onsequen tly , th e  chem ical s h if ts  of
13each  c a rb o n  in  th e  n a tu ra l ab u n d an ce  C sp ec tru m  an d  of each  p ro to n
in th e  n .m .r .  sp ec tru m  of ro sm arin ine  h ad  to b e  d e te rm in e d , p r io r
to s ta r t in g  th e  b io sy n th e tic  w ork .
13The C n .m . r .  sp ec tru m  of rosm arin ine  (20) r iin  in  d e u te r io -
ch loroform  was a ss ig n e d  w ith th e  aid  of a D is to rtio n less  E nhancem en t b y
13P o la risa tio n  T ra n s fe r  (D EPT) ex p erim en t. T he C ass ig n m e n ts  w ere in
69good ag reem en t w ith th o se  p u b lish e d  by  Roitm an. H ow ever, i t  was
13 1also  n e c e s s a ry  to c a r ry  ou t a H e te ro n u c lear ( C- H) Chem ical S h if t
C o rre la tio n  S p ec tro sco p y  (COSY) experim en t b ecau se  th e  chem ical sh if ts
of C -2  an d  C-8 could  n o t b e  e s ta b lish e d , due to th e ir  c lo sen ess  in  value
i . e . ,  69.1 an d  69.3 p .p .m .  Since th e  chem ical sh if ts  of th e  p ro to n s  on
C -2 an d  C-8 in  th e  n .m .r .  sp ec trum  of rosm arin ine  a re  m ark ed ly
d if f e re n t ,  th e  ex e rc ise  of a ss ig n in g  th e  C -2 an d  C-8 re so n a n c e s  from
th e  COSY sp ec tru m  is  s tra ig h tfo rw a rd . F ig u re  3 show s p a r t  of th e  
13 1h e te ro n u c le a r  ( C - H) COSY sp ectrum  of ro sm arin ine .
Most of th e  p ro to n  s ig n a ls  in rosm arin ine  w ere a s s ig n e d  u s in g  
h ig h  fie ld  n .m .r .  sp e c tro sc o p y . On exam ination of th e  n .m .r .  
sp ec tru m  of ro sm arin in e  (F ig u re  4) some c h a ra c te r is tic  p e a k s  
c o rre sp o n d in g  to  m acrocyclic d ie s te rs  of p y rro liz id in e  a lkalo ids w ere 
o b v io u s . F or in s ta n c e , th e  C-9 n o n -eq u iv a len t p ro to n s  a p p e a re d  as an
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2D ( 13C - 1H) COSY OF ROSMARININE (20)
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AB J.ys4er>? a t  64 .87  an d  4 .0 8 , m aking th e  chemical s h if t  d iffe re n c e  
be tw een  th e se  two d ia s te reo to p ic  p ro to n s  ca . 0 .8  p .p .m .  H ow ever i t  
was n o t im m ediately a p p a re n t ,  w hich of th e  two C -9 p ro to n s  w as th e
more dow nfield  in th e  sp e c tru m . From p re v io u s  n .m .r .  sp ec tro sco p ic
2 5  26
s tu d ie s  an d  X -ra y  c ry s ta llo g ra p h ic  d a ta  on re tro r s in e  (1 2 ), it  is
b e liev ed  th a t  th e  conform ation of th e  alkaloid  is sim ilar in o rg an ic
so lu tion  an d  in th e  so lid  s ta te .  T he H-9 p r o - S of r e tro r s in e  is
d e sh ie ld e d  b ecau se  i t  lie s  in  th e  p lane of th e  ad jacen t c a rb o n y l an d
double b o n d . T he chem ical s h if t  d iffe re n ce  betw een  th e se  C -9 p ro to n s
is  ca . 1 .4  p .p .m .  X -R ay c ry s ta llo g ra p h ic  da ta  on ro sm arin in e  (20)
70s u g g e s te d  th a t  a sim ilar s itu a tio n  e x is ts . T h e re fo re  th e  H-9 p r o - S 
was a s s ig n e d  as th e  m ore d esh ie ld ed  of th e  p ro c h ira l h y d ro g e n s  a t  6 4 .87 . 
T he d esh ie ld in g  e ffec t in th is  case was le ss  th an  with r e tro r s in e  b eca u se  
th e re  is no 1 ,2 -d o u b le  bond  in ro sm arin in e . A dditional s u p p o r t  fo r  th is  
ass ig n m en t came from n u c le a r  O v e rh a u se r  enhancem ent ( n .O .e . )
71e x p e rim en ts  on ro sm arin in e  u s in g  the  NEOMULT.AU program m e.
(F ig u re  5 p re s e n ts  some of th e  re s u lts  of a se r ie s  of n .O .e .  ex p erim en ts
on ro sm a rin in e ) . T he 8% n .O .e .  a t 6 4.88 (H -9 p r o - S) of ro sm arin in e ,
upon  ir ra d ia tio n  a t 6 2.48 (1 -H ), com pared to 5% n .O .e .  a t  6 4 .09
(H -9  p ro -R ), p ro v id ed  ad d itio n a l ju s tif ica tio n  fo r a t tr ib u t in g  th e  m ost
dow nfield  AB wyUenn to H-9 p r o - S . In se r tin g  th e  coupling  c o n s ta n ts
J ,  ~ „  = 1,2 Hz an d  J ,  n 0 = 5.5 Hz in to  th e  K arp lu s  eq u a tio n ,—1, 9 p r o - R -1 ,9  p r o - S
in d ic a te d  d ih e d ra l an g les  of ca . 70° and  40°, re sp e c tiv e ly , be tw een  th e  
C -9  p ro to n s  an d  th e  1 -p ro to n . F u r th e r  n .O .e .  m easu rem en ts , confirm ed  
th e  a ss ig n m e n ts  of th e  rem ain ing  p ro to n s  of th e  necine  com ponent of
ro sm arin in e . For exam ple, ir ra d ia tio n  a t 6 4.20 (2-H ) p ro d u c e d  an  n .O .e .
66
on th e  s ig n a l a t 6 2 .90  ( c a . 5%), in d ica tin g  th a t  th is  sh o u ld  b e  a s s ig n e d  
to 30-H . F ina lly  fo r  com pleteness, th e se  a ss ig n m e n ts  w ere  f u r th e r  
confirm ed by  a H om onuclear (^H-^H) COSY ex p e rim en t, which c o rro b o r­
a te d  o u r ass ig n m e n ts  a n d  p rev io u s  w o r k .^
3.5
Figure 5
133.3  In co rp o ra tio n  of C -L abelled  P re c u rs o rs  in to  R osm arin ine (20)
A s t r a te g y ,  sim ilar to  th a t  ad o p ted  in th e  s tu d y  of re tro n e c in e
b io sy n th e s is  in  S . isa tid e u s  p la n ts , was em ployed in th e  in v e s tig a tio n  of
ro sm arinec ine  b io sy n th e s is  in Senecio p le is to c e p h a lu s . In itia l feed ing
ex p erim en ts  on S . p le is to cep h a lu s  p la n ts  w ere c a r r ie d  o u t w ith 
13[ 1- C ]p u tre s c in e  (89) d ih y d ro ch lo rid e . P re p a ra tio n  of th is  p re c u r s o r
41was ach iev ed  b y  m odification of a p u b lish e d  ro u te  a n d  in v o lv ed
13tre a tm e n t of N -( 3 -b rom opropy l)ph tha lim ide  (39) w ith sodium  [ C Jcy an id e  
followed by  ca ta ly tic  red u c tio n  of the  n itr ile  and  ac id  h y d ro ly s is  
( Scheme 29) .
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O l  (CH2 )3 Br f O T ^ I C H , ) 3 13CN
1. H2 / P t 0 2 ,A c 0 H  13
J  > H2 N(CH2 ) 3  c h 2 nh 2
z  H C I
2 HCl
(89)
S c h e m e  2 9
In  o rd e r  to  o b ta in  an add itional m easure  of specific  in c o rp o ra tio n , ra d io -
14 13ac tiv e  [1 ,4 -  C ]p u tre s c in e  d ih y d ro ch lo rid e  was a d d e d  to th is  C -lab e lled
p re c u r s o r  (89) b e fo re  be ing  fed  to th e  p la n ts . T h e  wick feed in g
te c h n iq u e  was u se d  to adm in is te r th e  p r e c u r s o r s . T h e  stem s of th e
p la n ts  w ere th re a d e d  with needle an d  cotton tw ice a n d  th e  co tton  en d s
w ere im m ersed in a vial con ta in ing  an aqueous so lu tion  of th e  labelled
com pound. T h is  m ethod gave h ig h e r  in c o rp o ra tio n s  th a n  th o se  o b ta in ed
33b y  th e  xylem  p ric k in g  p ro c e d u re .
When f re sh ly  ro o ted  c u ttin g s  w ere fed  on each  day fo r one 
week w ith th e  p r e c u r s o r  (8 9 ), by  the  wick m ethod, a s to n ish in g ly  h ig h  
in c o rp o ra tio n s  w ere o b ta in ed . One week la te r ,  th e  p la n ts  w ere e x tra c te d  
an d  ro sm arin in e  was iso la ted  an d  re c ry s ta llise d  to  a c o n s ta n t specific
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t  13 1ra d io a c tiv ity  of 22% p e r  u n it of p u tre s c in e . T he C -{  H} n .m .r .
13sp e c tru m  of th e  C -lab e lled  rosm arin ine  (F ig u re  6) d isp lay ed  fo u r
13en h an c ed  p e a k s ,  w hen com pared to th e  C n a tu ra l  ab u n d an ce  sp e c tru m .
13T h ese  p e a k s  c o rre sp o n d  to  C lab e ls  in ro sm arin in e  a t  C -3 , C -5 , C-8
*an d  C -9  w ith en rich m en t fa c to rs  fo r each  p o s itio n  of 12.0 , 12 .2 , 10.0
13an d  10.0 (all ± 1.0)% C , re s p e c tiv e ly , m aking th e  a v e ra g e  en rich m en t
13 13fa c to r  fo r each  lab e lled  s ite  11.1% C. T he es tim ated  C specific
2/in c o rp o ra tio n  is th e re fo re  11.1 x  91 x 100 = 24.4% p e r  u n it  of 
91/ 13p u tre s c in e  w here  2 atom % C was th e  a v e ra g e  en richm en t a t each
13lab e lled  po sitio n  of p u tre s c in e  (89 ). On close inspection- of th e  C
n .m . r .  sp ec tru m , some b ro ad en in g  a t th e  b a se  of each  en h an ced  peak
w as n o ticeab le . T h is  can  be  a t t r ib u te d  to  gem inal coupling  ( e .g .  Cg
13w ith  Cg o r  Cg) . T h is  re q u ire s  com bination of two C -labe lled  
p u tre s c in e s  (89) w hich is  likely  as seen  from th e  h ig h  in co rp o ra tio n  
f i g u r e s .
13T he n e x t o b jec tive  was to feed  a C -lab e lled  p u tre s c in e  w ith
th e  aim of p ro v id in g  a com plem entary labe lling  p a t te rn  in  ro sm arin ine  (2 0 ). 
13T h u s  [2 ,3 -  C 2 ]p u tre s c in e  (37) d ih y d ro ch lo rid e  was p re p a re d  b y  the
41m ethod of K han a n d  R obins (Schem e 7 ( b ) ) ,  w ith  a m odification to  th e
14re d u c tio n  s te p  (Schem e 30). T h is , to g e th e r  w ith [1 ,4 -  C ]p u tre s c in e  
d ih y d ro c h lo r id e  was fed  to one w e ll-e s tab lish e d  Senecio  p le is to cep h a lu s  
p la n t .
t  * -  see  p . 76 fo r  e x p la n a tio n .
69
13 1F ig u re  6. 50 MHz C -{  H} N .m .r .  sp ec tru m  of ro sm arin in e  (20) in
13CDClg e n ric h e d  with [1 - C ]p u tre sc in e  d ih y d ro ch lo rid e  (8 9 ).
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Br1 3CH2 1 3 CH2Br KCN > NC1 3 CH2 1 3CH2CN
h 2/  P t02 13 13
  — > h 2 n c h 2  c h 2  c h 2 c h 2 nh 2  2  HCl
(37) 
S c h em e  30
With th is  experim en t th e re  was the  b o n u s  of being  able to  feed
sm aller am oun ts  of p re c u rs o r  an d  low er en rich m en ts  of lab e lled  s ite s  w ere
13 13 13 1id e n tif ie d  b y  o b se rv a tio n  of C - C co u p lin g s in  th e  C -{ H} n .m .r .
14 t  ,sp ec tru m  of ro sm arin in e . A C specific in c o rp o ra tio n  of 2.4% was
m e asu re d . T h is  value  was much low er th a n  th a t  o b ta in ed  in  th e  p re v io u s
ex p e rim en t. T h is  may be exp la ined  b y  th e  fac t th a t  th e  p la n ts  u se d  in
13 1each e x p e rim en t w ere of d if fe re n t a g es . T he C - { H} n .m .r .  sp ec tru m
of th e  b io sy n th e tic a lly  d e riv e d  rosm arin ine  co n ta in ed  a p a ir  of d o u b le ts
a t 6 49.1 ( J  35 .2  Hz) an d  69.1 (J  35.2 Hz) c o rre sp o n d in g  to  C - l  a n d
C -2 , an d  a n o th e r  p a ir  of d o ub le ts  a t 6 34.4 ( J  35 .4  Hz) and  75.3
( J  35.5 Hz) c o rre sp o n d in g  to C-6 and  C -7  of ro sm arin in e , re sp e c tiv e ly
*
(F ig u re  7 ). T he en richm en t fa c to rs  fo r th e  labe lled  s ite s  a t  C - l ,  C -2 , 
C-6 a n d  C -7  w ere 1 .69, 1 .93, 1.76 an d  1.63 (all ± 0.1)%, re sp e c tiv e ly .
T h is  gav e  an  a v e ra g e  en richm en t fac to r fo r each  lab e lled  s ite  of 1.75%
13 13C , w hich  c o rre sp o n d s  to an estim ated  C specific  in co rp o ra tio n  of
1 / 131.75 x  81 x  100% = 2.2% p e r  C^ u n it of p u tre s c in e  [81 atom % C was
13the  a v e ra g e  en rich m en t fa c to r  due to C 2  sp ec ie s  a t  each labelled  
position  of p u tre s c in e  (3 7 ) ] .  The fac t th a t  all th e  en richm en t fa c to rs  
a re  n e a r ly  eq u a l is co n s is te n t w ith  th e  form ation of a sym m etrical
71
13 1F ig u re  7. 50 MHz C -{  H} N .m .r .  sp ec tru m  of ro sm arin in e  (20) in
13e n r ic h e d  with [2 ,3 -  C p u t r e s c i n e  (37) d ih y d ro c h lo rid e .
o
v_J
------------1-------------- j-------------- j------------- T  i I i r  ' r T T
120 100 80 60 
S /pip.m .
40 20
72
36C ^-N -C ^ in te rm e d ia te  in  p y rro liz id in e  alkalo id  b io s y n th e s is , from two 
m olecules of p u tr e s c in e .
T he e x is te n c e  of a la te r  sym m etrical in te rm ed ia te  in  th e  b io­
sy n th e tic  p a th w ay  to  rosm arin ine was d em o n stra ted  b y  feed ing  [ 1 -am ino- 
15 13N , 1- C ]p u tre s c in e  (38) d ih y d ro ch lo rid e  to  one Senecio p le is to c e ­
p h a lu s  p la n t .  T he p re p a ra tio n  of th is  p re c u r s o r  in v o lv ed  tre a tin g  th e
N -b en zy lo x y c a rb o n y l d e riv a tiv e  (90) of 1 -am ino-3-brom opropane with 
13 15p o tassium  [ C , N ]cy an id e , followed b y  h y d ro g e n a tio n  of th e  r e s u l ta n t
41n itr i le  a n d  acid ifica tio n  (Schem e 31).
13  15 .
PhCH2 OCONH(CH2)3Br -N-Q > PhCH2 OCONH(CH2 )3 1 3C1^
(90)
H2 1 5 N1 3 CH2 (CH2 )3 NH2  2 H Cl
(38) 
S ch em e 31
On com pletion of the  feed ing  ex p erim en t ro sm arin in e  was
*| - j-
iso la ted  w ith a C specific  inco rpo ra tion  of 1.1% p e r  u n it  of
13 1p u tre s c in e .  F ig u re  8  shows p a r t  of th e  C -{  H} n .m .r .  spec tru m  of
ro sm arin in e  o b ta in e d  from a Senecio p le is to cep h a lu s  p la n t ad m in is te red
w ith th e  doub ly  lab e lled  p re c u rs o r  (3 8 ). T he s ig n a ls  due to  C -3 an d
*
C -9 a t  6  61.3 a n d  62 .2 , re sp e c tiv e ly , h a d  en rich m en t fa c to rs  of 
0 .3  ± 0.05% 1 3 C , a n d  th e  signals fo r C -5 an d  C - 8  a t  6  53.5 an d  69 .3 ,
1. H2 , P d / C  
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TO
re s p e c t iv e ly ,  h a d  v a lu es  of 0 .4 ± 0.05% C . T h is  c o rre sp o n d s  to an
13a v e ra g e  e n ric h m en t fa c to r  of 0.35% C fo r  each  labe lled  s ite  an d  a
13 2 /specific  C in c o rp o ra tio n  p e r  u n it  of (0 .3 5  x 90.6 x  100) = 0.77%.
[ 9 0 .6 / 2  wag average en richm en t due to  a t each  lab e lled  p o sition
of p u tre s c in e  (3 8 ) ] .  More s ig n ifican tly  h o w ev er, th e  two ca rb o n  atom s 
ad jacen t to  n i t ro g e n , C -3 an d  C -5 , a p p e a re d  as d o u b le ts  su p erim p o sed  
on s in g le ts .  T he d o u b le ts  w ere n o t fu lly  re so lv e d , w hich made c a lc u la t­
ions of coup ling  c o n s ta n ts  d ifficu lt. T he  coupling  c o n s ta n ts  w ere 
e s tim ated  to  b e  4 Hz fo r C -3 and  2-3 Hz fo r  C -5 . B ecause  th e  coup ling  
c o n s ta n ts  a p p e a re d  to hav e  d if fe re n t v a lu e s , th is  in d ica te d  th a t  th e
coupling  was n o t due  to  geminal coup ling  ( i . e . ,  C^ coupling  w ith  C^)
13 15b u t w as a r e s u l t  of C - N species  b e in g  p r e s e n t .  M oreover, th e  
13 15C - N d o u b le ts  a t C -3 an d  C-5 w ere of equal in te n s ity  w hich was in  
k eep in g  w ith  th e  ex is ten ce  of a la te r  sym m etrical in te rm ed ia te  in  th e  
b io sy n th e tic  p a th w ay  to  ro sm arin in e .
In  re tro n e c in e  b io s y n th e s is , th e  sym m etrical C ^-N -C ^ in t e r ­
m ediate was shown to  be  hom osperm idine (4 3 ). T h u s , to  a sc e r ta in
w h e th e r th is  was also  th e  case in  ro sm arin ec in e  ( 2 1 ) b io sy n th e s is , th e
13 14d ih y d ro c h lo r id e s  of [1 ,9 -  C ^]hom osperm idine (47) an d  [1 ,9 -  C ]-
43 72hom osperm idine w ere  p re p a re d  as d e sc r ib e d  (Schem e 13). ’ T he
m ix tu re  of p r e c u r s o r s  was fed  to one S . p le is to cep h a lu s  p la n t and
14 "f"ro sm arin in e  was iso la ted  w ith a C specific  in co rp o ra tio n  of 1.4%.
13 1Only two s ig n a ls  in  th e  C -{  H} n .m .r .  sp ec tru m  of ro sm arin in e  a t
13662.2  a n d  69 .3  show ed en hancem en t, due to  en rich m en t of C a t  C -9
* 13and C - 8 , r e s p e c tiv e ly  (F ig u re  9 ). E nrichm en t fa c to rs  of 1.58% C
1 o 13
for C - 8  a n d  1.50% C fo r C-9 w ere m e asu re d , m aking th e  C specific
75
F ig u re  9. 50 MHz 1 3 C -{ 1 H} N .m .r .  sp e c tru m  of ro sm arin in e  (20) in
13CDCl^ e n ric h e d  w ith [1 ,9 -  C ^]hom osperm id ine (47)
tr ih y d ro c h lo r id e .
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in c o rp o ra tio n  1 .54 x  ^ 9 6  x  100 = 1.6%, w h ere  96 atom % was th e  a v e ra g e
en ric h m e n t a t  each  lab e lled  s ite  in hom osperm id ine (4 7 ). T he  gem inal
co u p lin g  b e tw een  C - 8  an d  C -9 was ze ro . [T h is  c o n tra s te d  w ith  a 6  Hz
43cou p lin g  in re tro n e c in e  ] .  N e v e r th e le s s , on ly  th e  s ig n a ls  fo r  C - 8  a n d
13C -9  of ro sm a rin in e  w ere e n ric h e d  w ith  C , as  ev id en t from th e  
13 1C -{  H} n . m . r .  sp e c tru m , an d  th is  is  re a so n a b le  ev idence fo r th e  in ta c t  
in c o rp o ra tio n  of hom osperm idine in to  ro s m a rin e c in e .
In  sum m ary , th e  above feed in g  ex p e rim en ts  h av e  s e rv e d  to  
d e m o n s tra te  th a t  ro sm arin ec in e  ( 2 1 ) ,  th e  n ec in e  com ponent of ro sm arin in e  
(2 0 ) , in  S enecio  p le is to cep h a lu s  is b io s y n th e s ise d  from two p u tre s c in e  (27) 
u n i ts  v ia  hom osperm idine (4 3 ).
14t  S pecific  C in c o rp o ra tio n  p e r  C^ u n it  fo r  a p u tre s c in e  p r e c u r s o r  w as 
. c a lc u la te d  from  [(m olar a c tiv ity  of ro sm arin in e  ( 2 0 ) x  1 / 2 ) /(m o la r 
a c t iv ity  of p r e c u r s o r ) ]  x  1 0 0 %.
* T h e  en ric h m e n t fa c to r  fo r each  la b e lle d  s ite  in ro sm arin in e  (20) is  
13th e  e x c e ss  of C above n a tu ra l  ab u n d a n c e  a n d  was ca lcu la ted  
[ ( in te g r a l  of lab e lle d  s ite  -  n a tu ra l  ab u n d a n c e  in te g ra l o r in te g ra l  
of d o u b le t s ig n a l s ) / ( n a tu r a l  a b u n d a n c e  in te g ra l) ]  x  1 . 1 %.
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23 .4  In c o rp o ra tio n  of H -L abelled  P u tre s c in e s  in to  R osm arin ine
An in s ig h t  in to  th e  s te re o c h e m is try  of th e  enzym ic p ro c e s s e s
2in v o lv e d  in  ro sm arin ec in e  (21) b io s y n th e s is  was p ro v id e d  u s in g  H -lab e lled
2p u tr e s c in e s  in  con junction  with H n .m . r .  sp e c tro sc o p y . T he o b jec tiv e
was to  in v e s t ig a te  th e  fa te  of all th e  h y d ro g e n  atoms on th e  fo u r c a rb o n
atom s of p u tre s c in e .
In it ia lly , a tte n tio n  was fo c u s se d  on th e  h y d ro g e n  atom s on th e
two e n d  c a rb o n  atom s of p u tre s c in e . T h is  re q u ire d  th e  s y n th e s is  of 
2
[ 1 ,1 ,4 ,4 -  H ^ jp u tre s c in e  (91) d ih y d ro c h lo r id e , w hich w as p re p a re d  by
D .B . H agan  b y  ca ta ly tic  red u c tio n  of su c c in o n itr ile  u n d e r  an  a tm o sp h ere
of d eu te riu m  g a s , followed b y  ac id ifica tio n  of th e  p ro d u c t w ith  h y d ro -
49ch lo ric  ac id  (Schem e 32) . T h is  p r e c u r s o r  h as  also b een  p r e p a re d  by
73C alle ry  e t a l. , u s in g  a sim ilar p ro c e d u re .
1. d 2/  PtO ,
N C l C H o l o C N  ■_ ■■■ ^  H 2 N C D 2 ( C H 2 ) 2 C D 2 N H 2
2  HC' 2 HCl
(91) 
Scheme 32
2[ 1 , 1 -  H _ ]P u tre sc in e  (92) d ih y d ro c h lo rid e  w as also  p re p a re d  fo r  
th is  s tu d y  b y  D .B . H agan. C a ta ly tic  re d u c tio n  of 4 -ph tha lim ido -
b u ty ro n i tr i le  (93) u n d e r  an a tm o sp h ere  of deu teriu m  g as  follow ed b y
2 74ac id  h y d ro ly s is ,  a ffo rd e d  th e  H -lab e lled  p u tre s c in e  (92) (Schem e 33).
73T he s y n th e s is  of th is  m aterial h a s  also  b een  r e p o r te d  b y  C a lle ry  e t al.
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O N(CH2 I3CN
1. D2/ P t 0 2
2. H C l, A
H2 N(CH2 )3 CD2 NH2  
2 HCl
(92)
S c h e m e  3 3
2 2 F u r th e rm o re , enan tiom eric  ( R ) - [ l -  H ]-(5 2 ) an d  ( S ) - [ l -  H ]p u tre s c in e
(53) d ih y d ro c h lo rid e  w ere made b y  enzym atic  d eca rb o x y la tio n  of
2 2 1 L -o rn ith in e  in an d  of DL- [ 2- H^] o rn ith in e  in ^ O ,  re s p e c t iv e ly ,
50 2u s in g  L -o rn ith in e  d eca rb o x y la se  (S chem es 15 + 16). T he H c o n te n t
1  2of each  p u tre s c in e  sample w as e s tim a ted  b y  an a ly sin g  th e  H a n d  H
n . m . r .  an d  m ass s p e c tra l d a ta  of th e  d ih y d ro c h lo r id e s .
14Wick feed ing  of each  p r e c u r s o r  w ith  [1 ,4 -  C] p u tre s c in e
d ih y d ro c h lo r id e  (10 jiCi) was c a r r ie d  o u t on well e s ta b lish e d  Senecio
p le is to c e p h a lu s  p la n ts .  One p la n t was u se d  p e r  e x p e rim en t, an d  each
p r e c u r s o r  was a d m in is te re d  o v e r a p e rio d  of te n  d a y s . T en  d a y s  a f te r
com pletion of fe e d in g , th e  p la n ts  w ere  m a cera te d , a n d  ro sm arin in e  w as
iso la te d  an d  r e c ry s ta l l is e d  to  c o n s ta n t specific  ra d io a c tiv ity . T ab le  5 
14show s th e  C specific  in c o rp o ra tio n  p e r  u n it fo r each  p r e c u r s o r .
2 1 2 T he H - { H} n .m . r .  s p e c tr a  of th e  H -labe lled  sam ples of
ro sm arin in e  in chloroform  a t  room te m p e ra tu re  w ere v e ry  b ro a d .
H ow ever, in c re a s in g  th e  te m p e ra tu re  to  60°C re s u lte d  in a n a rro w in g
of th e  s ig n a ls  an d  so th e  s p e c tr a  w ere  alw ays ta k e n  a t th is  e le v a te d
te m p e ra tu re .  ^
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A sam ple of ro sm arin ine  d e r iv e d  from  [ 1 ,1 ,4 ,4 -  H ^ Jp u tre sc in e
2  1(91) d ih y d ro c h lo r id e  d isp la y ed  th re e  main p e a k s  in  th e  H -{ H} n . m . r .
sp ec tru m  a t  6  2 .93 , 3.08 an d  4.88 (F ig u re  10 (a )) co rre sp o n d in g  to
2
ro sm a rin in e  (94) w ith H -lab e ls  a t  C -3 $ , C -3 a  an d  C -9p r o - S , re s p e c t iv e ly  
(Schem e 34) .
2  H C l
(91)
(9 6 )
(95)
(94)
S ch em e  3 4
T he th r e e  s ite s  w ere labe lled  to a b o u t th e  sam e e x te n t w ith  en ric h m e n t
0  2  2  fa c to rs  of 3 .5  ± 0.3% H. I t  was also  p o ssib le  th a t  s ig n a ls  due  to  H
a t C -5 $ , C -5 a  and  C - 8 8  w ere p r e s e n t  a t  6  2 .62 , 3.28 an d  3 .58 , r e s p e c t ­
iv e ly , w ith  m uch low er en rich m en t fa c to r s .  T he  specific  in c o rp o ra tio n
2  2  of H fo r  th e  u n it in  which m ost of th e  H a p p e a rs  ( C - l , - 2 , - 3  a n d
~9 of ro sm arin in e) is  3 .5  x ^ 9 6  x 100 = 3.6% w here  96 atom % w as
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2
th e  a v e ra g e  c o n te n t of sp ec ie s  in  th e  sample of th e  p r e c u r s o r  (9 1 ) .
2
T h e se  o b se rv a tio n s  can b e  e x p la in e d  in  te rm s of H iso to p e  e f fe c ts
d u r in g  th e  b io sy n th e tic  p a th w ay  to  ro sm a rin in e . H om osperm idine (4 3 ) ,
a k e y  in te rm ed ia te  in  th e  b io sy n th e tic  p a th w ay  to  ro sm arin in e  ( 2 0 ) is
b e lie v e d  to b e  form ed b y  th e  coup ling  of p u tre s c in e  w ith 4 -am in o b u tan a l ,
follow ed b y  re d u c tio n  of th e  c o rre sp o n d in g  im ine. T h e re fo re , on 
2feed in g  [ 1 , 1 ,4 ,4 -  H ^ ]p u tre sc in e  (91) d ih y d ro ch lo rid e  i t  is  e x p e c te d  th a t  
2
[ 1 ,1 ,4 ,4 -  H^] hom osperm idine is  fo rm ed  b y  th e  coupling  of u n la b e lle d
4 -am inobu tana l from  th e  p la n t w ith  p r e c u r s o r  (9 1 ), since  i t  is  know n
2 2 th a t  ox ida tion  of [1 ,1 , 4 ,4 -  H ^ ]p u tre sc in e  (91) to [ 1 , 4 ,4 - ,H ^]-4 -am ino -
b u ta n a l b y  hog k id n e y  diam ine o x id ase  is  su b je c t to an  in te rm o lecu la r
7 3
iso to p e  e ffec t of 1 .26. T h is  in te rm e d ia te  (95) is  p ro b a b ly  th e n  
in v o lv e d  in an in tram o lecu la r iso to p e  e f fe c t d u rin g  i t s  co n v e rs io n  in to  
th e  immonium ion (9 6 ) , b e c a u se  it  h a s  also  b een  shown th a t  hog  k id n e y
diam ine ox idase  h a s  a fo u r tim es g r e a te r  p re fe re n c e  fo r ox ida tion  of th e
2 73u n la b e lle d  en d  of [1 ,1 -  ^ j p u t r e s c i n e  (9 2 ). T h u s , th e  n o n -d e u te r ia te d
en d  of hom osperm idine is p re fe re n t ia l ly  o x id ised  to  an a ld e h y d e , w hich
2
u ltim a te ly  le ad s  to ro sm arin in e  (94) co n ta in in g  most of th e  H a t  C -3 
an d  C -9 .
2
A dditional in fo rm ation  re g a rd in g  th e  ex is ten ce  of H iso to p e
e ffe c ts  in  th e  b io sy n th e tic  p a th w ay  to  ro sm arin ec in e  ( 2 1 ) was g a in ed
2
a f te r  feed in g  [1 ,1 -  H ^ Jp u tre sc in e  (92) d ih y d ro ch lo rid e  to  S . p le is to c e p -  
2  1h a lu s .  T he H -{ H} n .m . r .  sp ec tru m  of th e  r e s u l ta n t  ro sm arin in e  (97) 
(F ig u re  10 (b )) show ed fiv e  s ig n a ls  a t  6  2 .55 (5 $ -H ), 2 .90 (3 $ -H ), 3 .02
0 see  p .  93 fo r ex p lan a tio n .
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2 1F ig u re  10. 55.28 MHz H -{ H} N .m .r .  s p e c tra  of ro sm arin in e  in
CHC13  a t 60°C :
(a) sample of ro sm arin in e  (94) d e r iv e d  from  [ 1 ,1 ,4 ,4 -  
2
H ^ Jp u tre sc in e  (9 1 );
2
(b ) sam ple of ro sm arin in e  (97) d e r iv e d  from  [1 ,1 -  H ^]- 
p u tre s c in e  (9 2 );
2
T he s ignal a t  6  7 .25 is  n a tu ra l  a b u n d a n c e  H in CH Cl^.
TTT T— i------------------ i------------------1------------------- f---------------- r : -------------- 1------------------------- -—
7 . 0  5 . 0  3 . 0  1 . 0
6  / p .p  .m .
(b )
— P----------- ,-------------;-------------- r ---------- 1------------- r------------- [---
7.D 5 . 0  3 . 0  1. 0
6 / p . p . m.
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(3 a -H ) , 3 .23 (5a-H ) an d  4 .88 ( 9-Hp r o - S ) . All th e  s ig n a ls  h a d  equal
0 2 e n ric h m e n t fa c to rs  of ca . 2 . 6 ± 0 . 3 %  H. A sm aller s ig n a l fo r 8 -H
2
a t  6  3 .56 was also o b se rv e d . T he H sp ec ific  in c o rp o ra tio n  p e r  u n it
2/ 95/ ?is  th e re fo re  2 .6  x  95 x  100 = 5.5%, w here  2 atom % H w as th e
2a v e ra g e  en ric h m en t of sp e c ie s  a t  th e  1- a n d  4- p o s itio n s  of
p u tre s c in e  (9 2 ) . T he o b se rv e d  labe lling  p a t te r n  in ro sm arin in e  can b e
2
ex p la in e d  as follow s. F eed in g  [1 ,1 -  H ^ ]p u tre sc in e  (92) d ih y d ro c h lo r id e
2
can  p ro d u c e  two d if fe re n tly  lab e lled  H ^-hom osperm idine sp e c ie s  (98) an d
(99) (Schem e 35). T he fo rm er (9 8 ), a r is e s  b y  th e  coup ling  of p re c u r s o r
(92) w ith  4 -am inobu tanal an d  th e  la t te r  (99) b y  com bination of [4 ,4 -  
2H _]-4 -am in o b u tan a l [e x . (92 )] w ith urilab'elled p u tre s c in e .  T ak ing
Cm
hom osperm id ine (98) along th e  p ro p o se d  b io sy n th e tic  p a th w ay  le a d s  to
2
ro sm arin in e  eq u ally  lab e lle d  w ith H a t C -3 an d  C -5 , while hom osperm i-
2
d ine  (99) a ffo rd s  ro sm arin in e  lab e lled  w ith more H a t C -9  th a n  C - 8 ,
s in ce  ox ida tion  p ro b a b ly  o c c u rs  p re fe re n tia l ly  a t th e  n o n -d e u te r ia te d
2
p rim a ry  amino g ro u p . I t  is  also conceivab le  th a t  [ 1 ,1 , 6 , 6 -  H ^]- an d  
2
[ 1 , 1 , 9 , 9 -  H^] hom osperm id ines a re  form ed in th e  b io sy n th e tic  p a th w a y .
2
T he invo lvem en t of [ 1 , 1 , 6 , 6 -  H^] hom osperm idine w ould lead  to  ro sm a ri-
2 2 n in e  w ith  m ost of th e  H a t C -5 , w hereas  [ 1 ,1 ,9 ,9 -  H^] hom osperm idine
w ould  b e  a p oo r s u b s t r a te  fo r th e  enzym e system  to a c t on . In  s h o r t ,
2
in tram o lecu la r and  in te rm o lecu la r  H iso to p e  e ffe c ts  can acc o u n t fo r  th e  
lab e llin g  p a t te rn s  in ro sm arin in e  sam ples (94) an d  (9 7 ).
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NHNH
-OHi>
(92) (98)
H
(99) 
S c h e m e  3 5
T he enan tiom eric  p r e c u r s o r s ,  ( R ) 52) a n d  ( S ) - [  1 H ] -
p u tre s c in e  (53) d ih y d ro c h lo r id e , w hen fed  to  Senecio p le is to c e p h a lu s
s h e d  l ig h t  on th e  s te reochem ical c o u rse  of some of th e  enzym ic re a c tio n s
2  1of ro sm arin ec in e  b io s y n th e s is .  T he H -{ H} n .m .r .  sp ec tru m  of
ro sm arin in e  d e r iv e d  from  th e  (R )-iso m e r show ed fo u r s ig n a ls  a t  6  2 .90
(C -3& ), 3 .24 (C -5ot), 3 .55 (C - 8 a) an d  4 .87  ( C~9p ro -S ) (F ig u re  1 1 (a )) ;
0 2all w ith  n e a r ly  equal en rich m en t fa c to rs  of 4 .4  ± 0.4% H. T he sp ec ific
2 2 / in c o rp o ra tio n  of H p e r  u n it is  th e re fo re  4 .4  x  97 x  100 = 9.1%,
97/ 2w h ere  2 atom % w as th e  a v e ra g e  c o n te n t of H a t th e  te rm in a l c a rb o n s
14of th e  p u tre s c in e  p r e c u r s o r  (5 2 ). T h is  va lue  a g re e d  well w ith  th e  C
2
sp ec ific  in c o rp o ra tio n , in d ica tin g  th a t  no H was lo s t from th e  p r e c u r s o r
2
on i ts  co n v ers io n  in to  ro sm arin in e  (101) (Schem e 36). With ( S ) - [ l -  H ]-
2  1p u tre s c in e  as p r e c u r s o r  th e  H -{ H} n .m .r .  spec tru m  of ro sm arin in e  (103)
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2
show ed two s ig n a ls  a t  6  2.58 a n d  3 .0 5 , w hich c o r re s p o n d s  to  H lab e ls
in ro sm arin in e  a t  C -53  an d  C -3 a , re sp e c tiv e ly  (F ig u re  1 1 (b ) ) .  T he
0 2 en ric h m en t fa c to rs  w ere ca lcu la ted  as  1 . 2  ± 0 . 1 % H fo r  C -5 3 an d
2 21.0 ± 0.1% H fo r C -33  m aking th e  specific  in c o rp o ra tio n  of H p e r
1 / 21 90/u n it  2 ( 1 .2  + 1.0) x  90 x 100 = 2.4%, w here  2 atom % was th e
2a v e ra g e  e n ric h m en t of H a t th e  te rm inal c a rb o n s  of la b e lle d  p u tre s c in e
( 53) ( Schem e 37) .
T he o b s e rv e d  labe lling  p a t te r n s  in ro sm a rin in e  a f te r  feed ing
sam ples (52) an d  (53) can be  e x p la in ed  th u s .  T he o x ida tion  of
p u tre s c in e  (27) to  4 -am inobutanal ta k e s  p lace  s te re o sp e c if ic a lly  w ith th e
re te n tio n  of th e  p r o - R an d  lo ss  of th e  p r o - S h y d ro g e n s .  ( I t  h as  b een
re p o r te d  th a t  diam ine o x id ases  se lec tiv e ly  rem ove th e  p r o - S h y d ro g e n
from th e  m ethy lene  g ro u p  ad ja c e n t to  th e  amino g ro u p  of o th e r  p rim ary  
52am ines. ) C oupling  of 4 -am inobu tanal w ith p u tre s c in e  a ffo rd s  th e  
c o rre sp o n d in g  im ine, re d u c tio n  of w hich g ives hom osperm id ine , lab e lled  
as show n [( 100) + (1 0 2 )] . S ince th e  (R )-iso m er g av e  ro sm arin in e  
lab e lle d  as in ( 1 0 1 ) ,  it  may be  d ed u ced  th a t  th e  re d u c tio n  of th e  im ine 
o c c u rs  b y  a h y d r id e  eq u iv a len t b e in g  d e liv e re d  on th e  C~si_ face of th e  
im ine. S u p p o r t fo r  th is  th e o ry  comes from th e  com plem entary  labe lling  
p a t te r n  a t  C -3 an d  C -5 in  ro sm arin in e  (103) a f te r  feed in g  th e  (S )- iso m e r. 
Two f u r th e r  o x id a tio n s  on hom osperm idine r e s u l t  in  th e  lo ss  of th e  
p r o - S h y d ro g e n s  a t C - l  an d  C -9  g iv ing  th e  p re su m e d  immonium ion 
in te rm e d ia te  (49b) . C yclisa tion  of th e  immonium ion o c c u rs  by  a tta c k  
on th e  C - re  face of th e  double b o n d , g e n e ra tin g  8 a -p y rro liz id in e  
a ld eh y d e  (5 0 ). F in a lly , re d u c tio n  of th e  a ld eh y d e  to  iso re tro n e c a n o l
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2 1F ig u re  11. 55.28 MHz H -{ H} N .m .r .  sp ec tru m  of ro sm a rin in e  in  CHC1.
a t 60°C:
(a) Sample of ro sm arin in e  (101) d e r iv e d  from  ( R ) - [ l -  H ]- 
p u tre s c in e  (52 );
2
(b ) Sample of ro sm arin in e  (103) d e r iv e d  from  ( S ) - [ l -  H ]- 
p u tre s c in e  (53 ).
2T he s ig n a l a t 6  7 .25 is n a tu ra l a b u n d an c e  H in  CH Cl^.
(a )
w
7 . 0 5 . 0  3 . 0
6  /p  .p  .m .
1 . 0
(b )
T T
7 . 0 5 . 0  3 . 0
6  / p . p .m .
1 , 0
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S c h e m e  36
t
(53)
Scheme 3 7 ^
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(51b) o ccu rs  b y  a t ta c k  of th e  h y d r id e  e q u iv a le n t on th e  C - r e  face  of
th e  ca rb o n y l g ro u p . T h e  labe llin g  p a t te rn s  fo r ro sm arin in e  sam ples
( 1 0 1 ) an d  (103) w ere  sim ilar to  th o se  o b se rv e d  fo r r e t r o r s in e  a f te r
feed in g  th e  enan tiom eric  p u tre s c in e s  (52) an d  (5 3 ), an d  a s im ilar
ex p lan a tio n  to  th a t  above  was u se d  to  acco u n t fo r th e  d is tr ib u tio n  of
la b e ls  (C h a p te r  2 .1 ) .
In  o rd e r  to  co n tin u e  th e  in v e s tig a tio n  of w hat h a p p e n s  to  th e
h y d ro g e n  atom s of p u tre s c in e  d u rin g  th e  b io sy n th e s is  of ro sm a rin in e ,
2
[2 , 2, 3, 3- H ^ ]p u tre sc in e  (104) d ih y d ro c h lo rid e  was s y n th e s is e d  a n d  fe d
to  S . p le is to c e p h a lu s . T he s y n th e s is  of th is  p r e c u r s o r  in v o lv ed
ex ch a n g in g  th e  acid ic  h y d ro g e n s  of su c c in o n itr ile  fo r d eu te riu m  b y
h e a tin g  su cc in o n itr ile  in  d eu te riu m  o x ide , followed b y  c a ta ly tic  re d u c tio n  
2
of th e  [ 2 , 2 ,3 ,3 -  H ^ ]su c c in o n itr ile  a n d  ac id ifica tion  of th e  p ro d u c t  w ith
49h y d ro c h lo ric  ac id  (Schem e 38) .
NC(CH2)2CN h 2 n c h 2 cd 2 cd 2 c h 2 nh 2
3 . HCI 2 2 HCl 
(104)
S ch em e 38
2  1E xam ination of th e  H -{  H} n .m . r .  sp ec tru m  of ro sm arin in e  d e r iv e d  
from (104) in d ic a te d  f iv e  s ig n a ls  a t  5 2 .02 ( 6 a -H ) , 2 .2  ( 6 $ -H ), 
2 .46 ( la - H ) ,  4 .20 (2 $ -H ) , a n d  5 .00 (7ot-H) (F ig u re  12). T h e  fiv e  
s ite s  w ere  lab e lled  to  a b o u t th e  same e x te n t ,  w ith en ric h m e n t fac to rs®
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7 1F ig u re  12. 55.28 MHz H -{ H} N .m .r .  sp e c tru m  of ro sm arin in e  (105)
2
in  CHC1, a t  60°C d e r iv e d  from [2 , 2, 3, 3- H .]p u t r e s c in e
2(1 0 4 ). T he  s ig n a l a t 6  7 .25  is  n a tu ra l  a b u n d a n c e  H in
c h c i 3 .
T------------- I------------ 1------------- 1------------ 1------------ 1-------------1-------------1---
7 . 0  5 . 0  3 . 0  1 . 0
6 /p .p .m .
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2 2 of 7 .0  ± 0.5% H, m aking th e  spec ific  in c o rp o ra tio n  of H p e r
7 .0  x  ^ 9 9  x  100 = 7.1%. [T he  p re c u r s o r  (104) c o n ta in e d  99%
s p e c ie s ] .  From c o n s id e ra tio n  of th e  H -labe lling  p a t te r n  in  ro sm arin in e ,
i t  is  c le a r  th a t  th e  co n v e rs io n  of two m olecules of la b e lle d  p u tre s c in e
(104) in to  ro sm a rin in e  (105) o ccu rs  b y  loss of th r e e  H atom s.
S eco n d ly , i t  is  a p p a re n t  th a t  th e  in tro d u c tio n  of th e  h y d ro x y l g ro u p s
a t C -2  an d  C -7  does n o t invo lve  a k e to  o r enol in te rm e d ia te . F u r th e r -
2
m ore, th e  p re s e n c e  of H a t  C - la  m eans th a t  i t  is  u n lik e ly  th a t  th e  
b io sy n th e s is  p ro c e e d s  v ia  th e  form ation of th e  lo t-a ld eh y d e  (5 0 a ) , 
follow ed b y  ep im erisa tio n  a t  th e  1 -po sitio n . (T h e  a l te rn a t iv e  fo rm ation  
of th e  l$ -a ld e h y d e  (50b) followed b y  ep im erisa tion  le ad in g  to  re tro n e c in e  
in S . is a t id e u s  c a n n o t b e  ru le d  ou t b eca u se  of th e  fo rm ation  of th e  
1 , 2 - double b o n d ) .
2 H Cl
tlOA) (105)
S ch em e 3 9
T he s te re o c h e m is try  of th e  enzym ic p ro c e s s e s  in v o lv in g  p ro to n s  
a t  C -2  an d  C -3  of p u tre s c in e  in  th e  b io sy n th e tic  p a th w ay  to  ro sm arin in e  
was e x p lo re d  b y  feed in g  ( 2 R )-[ 2 -^H ]-( 65) a n d  ( 2 S ) - [ 2 -^ H ]p u tre sc in e  
( 6 6 ) d ih y d ro c h lo r id e . T h ese  p re c u rs o rs  w ere p r e p a re d  b y  D r. E .K .
K u n e c .^  T he n .m .r .  sp ec tru m  of ro sm a rin in e  d e r iv e d  from
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th e  (R )-iso m er (65) show ed  two main s ig n a ls  a t 6 2 .05  a n d  4 .20
2
(F ig u re  13(a)) c o rre sp o n d in g  to  ro sm arin in e  (106) la b e lle d  w ith  H a t
C - 6 a  a n d  C -2 3 , re s p e c t iv e ly  (Schem e 40). T he e n ric h m en t fac to rs®  fo r
2 2 b o th  s ig n a ls  w ere 2 .5  ± 0.2% H, w hich  r e s u l t s  in  a H sp ec if ic  in c o rp o r-
?/ 08/ 2a tio n  p e r  u n it of 2 .5  x  98 x  100 = 5.1% [ 2 atom % H was th e
2
a v e ra g e  en rich m en t of H a t  each  lab e lled  s ite  of (6 5 ) ] .
2
When (2 S ) - [2 -  H ]p u tre s c in e  ( 6 6 ) was fed  to  S . p le is to c e p h a lu s ,
2  1th e  H -{ H} n .m . r .  sp e c tru m  of th e  e x tra c te d  ro sm arin in e  c o n ta in ed
th r e e  p e a k s  a t  6  2 .23 , 2 .45 an d  5.06 (F ig u re  1 3 (b )) .  T h is  re v e a le d  th a t
2
ro sm arin in e  was la b e lle d  w ith  H a t C -6 3 , C - la ,  an d  C -7 a  (Schem e 41).
B eca u se  all th e  e n h a n c e d  s ig n a ls  h a d  an  en rich m en t fa c to r  of ca . 2 .9  ±
2 /0.3% H, th is  g iv es  a H specific  in c o rp o ra tio n  of 2 .9  x  83 x  100
83/ 2= 6.5% p e r  u n i t ,  w h ere  2 atom % H was th e  a v e ra g e  c o n te n t of 
2
H sp e c ie s  a t th e  c e n tra l  ca rb o n  atom s of p re c u r s o r  ( 6 6 ) .  U n fo r tu n a te ly ,
2
th e  ( 2 S )-p u tre s c in e  ( 6 6 ) co n ta in ed  ca . 6 % im purity  of [1 ,1 -  l ^ p u t r e s c i n e
54(92) d ih y d ro c h lo r id e , w hich r e s u l te d  in  some a d d itio n a l sm all p e a k s  in 
2  1th e  H- { H } n .m . r .  sp e c tru m .
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2 1F ig u re  13. 55.28 MHz H-{ H} N .m .r .  s p e c tr a  of ro sm arin in e  in CHCl^
a t 60°C :
(a) Sample of ro sm arin in e  (106) d e r iv e d  from  (2 R )- [2 -^ H ]-  
p u tre s c in e  (65);
(b )  Sample of ro sm arin ine  (107) d e r iv e d  from  (2 S )-[2 -^ H ]~  
p u tre s c in e  ( 6 6 ) .
2T he s ig n a l a t 6  7.25 is n a tu ra l  a b u n d a n c e  H in CHCl^.
7 . 0 5 . 0 3 . 0 1 .0
6  / p .p  .m.
(b )
 1—
7 .  □
T
6  /p  .p  ,m.
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^ H 2
d^ O n h 2
2 HCl
(65)
OH
2 HCl
(66) (107)
S ch em e 41 *
Two in te re s t in g  s te reochem ica l d e ta ils  em erged  from th e se  
e x p e r im e n ts . Form ation of th e  p y rro liz id in e  r in g  system  invo lves 
s te re o s p e c if ic  rem oval of th e  p r o - R h y d ro g e n  a n d  re te n tio n  of th e  p r o - S 
h y d ro g e n  on th e  ca rb o n  w hich becom es C - l  of ro sm arinec ine  (2 1 ).
S uch  an  o b se rv a tio n  was n o t p o ssib le  w hen s tu d y in g  re tro n e c in e  b io ­
s y n th e s is  b e c a u se  of th e  p re se n c e  of th e  1 ,2 -d o u b le  b o n d . A d d itio n a lly , 
th e  h y d ro x y la t io n s  a t  C -2 an d  C -7  b o th  p ro c e e d  w ith re te n tio n  of
c o n fig u ra tio n  w hich is c o n s is te n t w ith  th e  o b se rv e d  s te re o sp e c if ic ity  fo r
3 75h y d ro x y la tio n s  a t  sp c a rb o n s .
1 ,2 -U n sa tu ra tio n  is  a common s t r u c tu r a l  fe a tu re  in p y r ro liz i­
d in e  a lk a lo id s . T he 1 ,2 -d o u b le  b o n d  in re tro n e c in e  (3) may r e s u l t
OH
(106)
S c h e m e  4 0 +
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from  h y d ro x y la tio n  a t C -2 a  of tra c h e la n th a m id in e  (5 1 a ) , follow ed b y  a
t r a n s - elim ination of th e  elem ents of w a te r .  On th e  o th e r  h a n d , th e
fo rm ation  of a 1 , 2 -d o u b le  bond  in  ro sm a rin e c in e  ( 2 1 ) w ould n e c e s s ita te
a c is-e lim in a tio n  of th e  elem ents of w a te r .  F u r th e rm o re , th e  fo rm ation
of ro sm arin e c in e  b y  d eh y d ro g e n a tio n  a n d  h y d ra tio n  of th e  double b o n d
2
is  u n lik e ly  b e c a u se  of th e  o b se rv e d  H -lab e llin g  p a t te r n s .
T he s te re o c h e m is try  of th e  enzym ic re a c tio n s  in  th e  b io s y n th e ­
s is  of ro sm arin e c in e  in Senecio p le is to c e p h a lu s  h a s  b een  e lu c id a te d  b y
2 2em ploying  enan tiom eric  [1 - H ]- a n d  [2 - H ]p u tre s c in e s  in  con ju n c tio n  w ith  
2
H n . m . r .  s p e c tro sc o p y . T h is  a p p ro a c h  of in v e s tig a tin g  b io sy n th e tic  
p a th w a y s  cou ld  b e  e x te n d e d  to th e  s tu d y  of o th e r  p la n ts  w hich p ro d u c e  
p y rro liz id in e  a lka lo id s  w ith d if fe re n t n ec in e  com ponen ts .
0 T h e  en rich m en t fa c to r  fo r a la b e lle d  s ite  in  ro sm arin in e  (20) was
c a lc u la te d  from  ( in te g ra l of u n la b e lle d  s ite  in ro sm a rin in e /c o n c e n -
2tra t io n  of ro s m a r in in e ) /(n a tu ra l  a b u n d a n c e  in te g ra l  of H in  CHCl^ 
a t  6  7. 25/c o n c e n tra tio n  of CHCl^) x  0.0156%.
t  No m olecules of p u tre s c in e  p r e c u r s o r s  (5 2 ) , (5 3 ), (6 5 ) , a n d  ( 6 6 ) can
2
co n ta in  m ore th a n  one H atom . T h e  lab e llin g  p a t te r n s  fo r  ro sm a rin ­
in e  d e p ic te d  in  Schem es 36, 37, 40 an d  41 a re  th e re fo re  com posite
2
r e p re s e n ta t io n s  of all th e  H -lab e lled  sp ec ie s  th a t  w ere  p r e s e n t .
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C h a p te r  4
IDENTIFICATION OF INTERMEDIATES IN ROSMARININE
BIOSYNTHESIS
4 .1  In tro d u c tio n
A s d is c u s se d  in  C h a p te r  2, th e  immonium ion (108) h a s  b een  
p ro p o s e d  a s  a k e y  in te rm e d ia te  in  th e  b io s y n th e s is  of r e tro n e c in e  (3) 
a n d  ro sm arin e c in e  (2 1 ) . In d e e d , th e  in te rp re ta t io n  of m any feed in g  
e x p e rim e n t r e s u l t s  on p y rro liz id in e  alkalo id  b io s y n th e s is  h a s  re lie d  
u p o n  th e  in te rm ed iacy  of su ch  a sp e c ie s . One su ch  ex p erim en t was
43th e  in ta c t  in c o rp o ra tio n  of hom osperm idine (43) in to  re tro n e c in e  (3 ) .  
T h u s ,  i t  was c o n s id e re d  n e c e s s a ry  to  p ro v id e  exp erim en ta l ev id en ce  
s u p p o r tin g  th e  invo lvem en t of th e  immonium ion in th e  b io s y n th e tic  
p a th w a y  to  p y rro liz id in e  a lk a lo id s .
T he b io sy n th e tic  p a th w ay s  to re tro n e c in e  (3) an d  ro sm a ri­
n e c in e  ( 2 1 ) d iv e rg e  a t  th e  1 -h y d ro x y m e th y lp y rro liz id in e  s ta g e  a n d  no  
in te rm e d ia te s  h av e  b een  id e n tif ie d  betw een  hom osperm idine a n d  th e se  
b a s e s .  In fo rm ation  a b o u t th e  in te rm ed iacy  of immonium ions in  th e se  
p a th w a y s  sh o u ld  help  to  n a rro w  down th e  p o in t a t  w hich th e se  two 
p a th w a y s  d iv e rg e . T he ex p e rim en ts  co n ce rn in g  th e  p a r tic ip a tio n  of 
immonium ions in  ro sm arin in e  b io sy n th e s is  a re  d e sc r ib e d  f i r s t .
(108)
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144. 2 P re p a ra tio n  an d  Feed ing  of N -([4 - C ] -4 -a m in o b u ty l) - l ,  2-
d id e h y d ro p y rro lid in iu m  ch lo rid e  h y d ro c h lo r id e  (113) to  
S . p le is to c e p h a lu s
A s y n th e s is  of th e  ti tle  com pound was c a r r ie d  o u t as  show n 
in  Schem e 42.
M s O - ' \ / " ' c 1 N WC ' ^ ^ C I
(1 0 9 )  (110)
KI 2. HCl
(111)
2 Cl®
/  j  1A a
V r h
1. Hg(0Ac)2
H (112) (113)
S c h e m e  U2
3 -C h lo ro -1 -p ro p an o l m e th an esu lp h o n a te  (109) w as t r e a te d  w ith 
sodium  [ ^ C ]  cy an id e  to  y ie ld  th e  ch lo ro n itr ile  (1 1 0 ). D isp lacem en t of 
th e  ch lo rid e  was c a r r ie d  o u t to  p ro d u c e  th e  p y r ro lid in e n itr i le  ( 1 1 1 ) .  
C a ta ly tic  h y d ro g e n a tio n  of th e  n it r i le  (111), follow ed b y  m e rc u ry (II )  
a c e ta te  ox ida tion  of th e  r e s u l ta n t  d ih y d ro c h lo rid e  (1 1 2 ), a ffo rd e d  (1 1 3 ).
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14T he i . r .  sp ec tru m  of th e  C -lab e lled  immonium ion  (113)
c o n ta in e d  an  a b so rp tio n  a t  1688 cm  ^ due to  >C=N< . T he  n .m . r .
sp e c tru m  in d eu terium  ox ide e x h ib ite d  a c h a ra c te r is t ic  b ro a d  s in g le t  a t
68 .2 5  a s so c ia te d  with th e  olefin ic p ro to n  a t  C -2 .
76In  m ost cases  r e p o r te d ,  th e  m ercu ric  a c e ta te  o x id a tio n  of
cyclic  te r t ia r y  am ines to  immonium s a l ts ,  r e s u l te d  in th e  fo rm ation  of
77an  en docyc lic  double b o n d . F o r in s ta n c e ,  L eo n a rd  a n d  M usker 
r e a c te d  N -( 3 -h y d ro x y p ro p y l)p y r ro lid in e  (114) a n d  N - (2 -h y d ro x y e th y l) -  
p y r ro lid in e  (115) w ith m e rc u ry ( I I )  a c e ta te  to  y ie ld , r e s p e c t iv e ly , th e  
te tra h y d ro -1 ,3 -o x a z in e s  (116) a n d  (117) v ia  immonium ion in te rm e d ia te s  
(Schem e 43 ).
Hg (OAc)'
Hg (0Ac)2
S c h e m e  4 3
(116)
(117)
To check  th a t  th e  immonium sa lt (113) h a d  an  en docyc lic  
r a th e r  th a n  an  exocyclic doub le  b o n d , a sam ple w as r e d u c e d  w ith  
sodium  c y a n o b o ro d e u te rid e  to g iv e  th e  c o rre sp o n d in g  d e u te r ia te d  
s a tu r a te d  sa lt (118).
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2 Cl
NH©6
(118)
A 200 MHz n . m . r .  sp ec tru m  of th e  u n la b e lle d  s a lt  (112)
r u n  in  d eu te riu m  oxide c o n ta in e d  a fo u r p ro to n  m u ltip le t a t  6  2 .95
c o rre s p o n d in g  to  th e  fo u r  e q u iv a le n t p ro to n s  of th e  p y r ro lid in e  r in g ,
on th e  c a rb o n s  a d ja c e n t to  th e  n it ro g e n . [T h e  m ethy lene p ro to n s  on
C -9  a n d  C - 6  each  a p p e a re d  as a two p ro to n  m u ltip le t a t  6 3 .0 5  a n d  3 .5 5 ,
2
r e s p e c t iv e ly ] .  On th e  o th e r  h a n d , th e  H -labelled  s a lt  (1 1 8 ), show ed 
on ly  a th re e  p ro to n  m u ltip le t a t  6  2 .95 , w hich was a good in d ica tio n
th a t  th e  o rig in a l immonium ion h a d  an endocyclic  double b o n d .
14 3T he C -la b e lle d  immonium ion (113) was m ixed w ith  [2 ,3 -  H ]-
3 14p u tre s c in e  d ih y d ro c h lo r id e  to  g ive  an in itia l H / C ra t io  of 5 .1 . T he 
m ix tu re  of iso to p ica lly  lab e lled  sp ec ies  w ere fed  to one Senecio  
p le is to c e p h a lu s  p la n t  b y  th e  wick m ethod o v er five d a y s . A f te r  a
f u r th e r  ten  d a y s , ro sm arin in e  ( 2 0 ) was iso la ted  an d  r e c ry s ta l l i s e d  to
14 4c o n s ta n t  spec ific  ra d io a c tiv i ty .  T he C spec ific  in c o rp o ra tio n ' fo r
3 14ro sm arin in e  (20) w as c a . 6.5% w ith a H / C ra tio  of 2 .9 . F u r th e rm o re ,
a sam ple of th is  ra d io la b e lle d  ro sm arin in e  was h y d ro ly s e d  to  g ive
3 14ro sm arin e c in e  c o n ta in in g  94% of th e  spec ific  ra d io a c tiv ity  ( H / C ra tio  
of 2 .8 ) and  th e  ac id  p o rtio n  w ith 3% of th e  specific  ra d io a c tiv ity .
T h u s ,  i t  a p p e a rs  from  th e se  ex p erim en ts  th a t  th e  immonium ion (113) is  
in c o rp o ra te d  sp ec ifica lly  a n d  e ffic ien tly  in to  ro sm arin e c in e . T he
=}= see  p .  1 0 2  fo r  e x p la n a tio n .
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^ H /^ C  ra tio s  also  s u g g e s t  th a t  th e  immonium ion is  m ore e ff ic ie n tly  
in c o rp o ra te d  in to  ro sm arin in e  th a n  p u tre s c in e ,  s u p p o r tin g  i t s  la te r  
p o s itio n  in th e  b io sy n th e tic  p a th w a y .
14S ince th e  s a tu r a te d  s a l t ,  N - ( [4 -  C ]-4 -a m in o b u ty l)p y rro lid in iu m
3
d ih y d ro c h lo rid e  (112) was a v a ila b le , th is  was m ixed w ith  [2 ,3 -  H]~
3 14p u tre s c in e  d ih y d ro c h lo rid e  to g iv e  a H / C ra tio  of 1 .5  a n d  th is
m ix tu re  was fe d  to  Senecio  p le is to c e p h a lu s . T he iso la te d  ro sm arin in e
14 4 3 14(20) h a d  a C sp ec ific  in c o rp o ra tio n ' of 2.1% w ith a H / C ra t io  of
2 .5 . T h is  was som ew hat u n e x p e c te d  b eca u se  th e  p r e c u r s o r  (112) w as
n o t p o s tu la te d  as  an in te rm e d ia te  in  th e  b io sy n th e tic  p a th w ay  to
ro sm arin in e .
To in v e s tig a te  th is  p o in t f u r th e r ,  in te rm ed ia te  t r a p p in g
e x p e rim en ts  w ere c a r r ie d  o u t fo r th e  immonium ion (1 1 3 ), a n d  th e
14s a tu r a te d  com pound (112) in  S . p le is to c e p h a lu s . [1 ,4 -  C ]P u tre s c in e
d ih y d ro c h lo rid e  was fe d  to  one S . p le is to cep h a lu s  p la n t an d  a f te r  one
day  th e  p la n t was b le n d e d  in m ethano l. T he m ethanolic e x t r a c t  was
d iv id e d  in to  tw o. In a c tiv e  immonium sa lt was a d d e d  to  one of th e
m ethanolic p o r tio n s . T he  m ix tu re  was th en  t r e a te d  w ith sodium  b o ro -
h y d r id e  an d  th e  s a tu r a te d  p ro d u c ts  w ere c o n v e rte d  in to  th e  N -p h e n y l-
am in o (th io carb o n y l) d e r iv a tiv e s ,  em ploying th e  p ro c e d u re  of G olding 
78a n d  N a sse re d d in .
N—C—N
(119)
PhNHCSNH(CH2)ANHCSNHPh
(120)
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A ra d io sc a n  of a chrom atogram  of th e  m ix tu re  in d ic a te d  th a t
most of th e  ra d io a c tiv ity  (75%) was due to  th e  d e r iv a tiv e  of p u tre s c in e
(120) . T he re m a in d e r of th e  a c tiv ity  was a t t r ib u te d  to  th e  N ^p h en y l-
am in o (th io carb o n y l) d e r iv a tiv e  of th e  s a tu ra te d  s a lt  (1 1 9 ), c a . 1 0 %, an d
b ase lin e  m a te ria l, ca . 10%. A fte r  sep a ra tio n  from o th e r  sp ec ie s
p r e s e n t  in th e  m ix tu re  u s in g  p re p a ra t iv e  th in  la y e r  c h ro m a to g ra p h y ,
th e  s a tu r a te d  s a lt  d e r iv a tiv e  w as shown to con ta in  ca . 0.4% of th e
14o rig in a l ra d io a c tiv ity  fe d  a s  [1 ,4 -  C ]p u tre sc in e  d ih y d ro c h lo r id e . T h is
in d ic a te s  th a t  th e  immonium ion is  form ed from p u tre s c in e  in th e
Senecio  p le is to c e p h a lu s  p la n t ,  a n d  th a t  it  is a norm al in te rm e d ia te  in
ro sm arin in e  b io s y n th e s is .
In a c tiv e  N -(4 -a m in o b u ty l)p y rro lid in iu m  d ih y d ro c h lo r id e  (112)
w as a d d ed  to  th e  seco n d  m ethanolic p o rtio n  an d  th e  p h e n y liso th io -
cy a n a te  d e r iv a tiv e s  w ere fo rm ed  as b e fo re . A u to ra d io g ra p h y  of a
chrom atogram  of th e  m ix tu re  show ed th a t  m ost of th e  ra d io a c tiv ity  was
asso c ia te d  w ith th e  d e r iv a tiv e  of p u tre s c in e  ( c a . 90%) a n d  b a se lin e
m ateria l ( c a . 8 %) . T h e  b a n d  on th e  chrom atogram  w hich c o rre sp o n d e d
to th e  N -p h en y lam in o (th io ca rb o n y l)  d e r iv a tiv e  of th e  s a tu r a te d
d ih y d ro ch lo rid e  (119) was e x tra c te d  a n d  c ry s ta l l is e d . T he  d e r iv a tiv e
14show ed a to ta l in c o rp o ra tio n  co rre sp o n d in g  to  < 0.017% C . T h u s , i t  
can  b e  co n c lu d ed  th a t  N -( 4 -am in o b u ty l)p y rro lid in iu m  d ih y d ro c h lo r id e  
( 1 1 2 ) is n o t a t r u e  in te rm e d ia te  in  th e  b io sy n th e tic  p a th w ay  to  ro sm ar­
in ine  in  S. p le is to c e p h a lu s . A d d itionally , since  th e  s a tu r a te d  s a lt  was 
in c o rp o ra te d  in to  ro sm arin in e  it  may be  assum ed  th a t  th e  p la n t  co n ta in s  
enzym es th a t  can o x id ise  th e  s a tu ra te d  sa lt ( 1 1 2 ) to  th e  c o rre sp o n d in g  
immonium ion , w hich does lie on th e  p a th w ay .
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A tte n tio n  was n e x t d ire c te d  to w ard s  th e  inv o lv em en t of th e
immonium ion (108) in  re tro n e c in e  b io s y n th e s is . A c c o rd in g ly , some
14 3C -lab e lled  immonium ion (113) w as m ixed w ith  [2 ,3 -  H Jp u tre sc in e
3 14d ih y d ro c h lo rid e  to  g ive  a HI  C ra tio  of 12.3 an d  fe d  to  one Senecio 
is a t id e u s  p la n t b y  th e  xylem  p r ic k in g  te c h n iq u e . O ne week a f te r
feed in g  was com plete , r e t r o r s in e  ( 1 2 ) was iso la ted  an d  r e c ry s ta l l i s e d
14 4to  c o n s ta n t specific  ra d io a c tiv ity .  A C specific  in c o rp o ra tio n 7  fo r
3 14r e t r o r s in e  of 4.5%, w ith  a H / C ra t io  of 9 .8  was m e asu re d . A lkaline
h y d ro ly s is  of a sam ple of th e  r e t r o r s in e  ( 1 2 ) gave  re tro n e c in e  (3)
co n ta in in g  95% of th e  spec ific  ra d io a c tiv ity  w ith a ^ H /^ C  ra tio  of 9 .9 .
T h e re fo re , i t  is  a p p a re n t  th a t  th e  immonium ion (113) is  an  e ff ic ien t
a n d  sp ec ific  p r e c u r s o r  fo r  re tro n e c in e  b io sy n th e s is .  F u r th e rm o re ,
since  th e  immonium ion is  an  e ff ic ie n t p r e c u r s o r  fo r b o th  ro sm arin e c in e
(21) a n d  re tro n e c in e  (3) b io s y n th e s is ,  th is  n a rro w s  down th e  p o in t a t
w hich th e  two p a th w a y s  d iv e rg e . T h is  m ight o ccu r d u r in g  th e
M an n ich -ty p e  c y c lisa tio n  of th e  immonium ion on an  enzym e s u r fa c e ,
o r b y  ep im erisa tion  of th e  13- fo rm y l-8 a -p y rro liz id in e  (50a) lead in g  to
re tro n e c in e . (T h e  la -a ld e h y d e  is n o t like ly  to ep im erise  to  th e  1(3-
isom er b ecau se  of th e  re te n tio n  of d eu terium  a t th is  p o s itio n  in
ro sm arin ec in e  b io s y n th e s is ,  C h a p te r  4 .3 ) .
14T he s a tu r a te d  s a lt ,  N -( [4- C ]-4 -am in o b u ty l)p y rro lid in iu m
3
d ih y d ro ch lo rid e  (1 1 2 ), along w ith  [2 ,3 -  H ]p u tre sc in e  d ih y d ro c h lo rid e
w as also  fed  to  S . is a t id e u s  ( ^ H /^ C  ra tio  of 2 2 .3 ) . A specific
4 3 14in c o rp o ra tio n 7  fo r  th e  iso la te d  r e t r o r s in e  of 5.4% w ith a H / C ra tio
of 20.4 w as o b ta in e d , show ing th a t  th e  s a tu ra te d  s a lt  was in c o rp o ra te d
effic ien tly  in to  r e t r o r s in e .
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In  o rd e r  to  p ro v id e  ev id en ce  fo r  th e  in te rm ed iacy  of th e
immonium ion (108) in  th e  b io sy n th e s is  of o th e r  p y rro liz id in e  a lk a lo id s ,
14th e  C -lab e lled  p r e c u r s o r  (113) was fe d , u s in g  th e  xylem  p ric k in g  
te c h n iq u e  to  two o th e r  p la n t sp e c ie s . T he p la n ts  cho sen  w ere 
C ynoglossum  a u s tra le  [w hich  co n ta in s  c y n a u s tin e  (121) an d  c y n a u s tr a -
line  (122)] an d  C ynoglossum  officinale [w hich  co n ta in s  e ch in a tin e  (1 2 3 )] .
14 3A s b e fo re , th e  C -la b e lle d  p re c u r s o r  (113) was m ixed w ith  [2 ,3 -  H ]-
p u tre s c in e  d ih y d ro c h lo r id e  fo r each ex p erim en t to  g ive  an  in itia l
3 14 14H / C ra tio . T ab le  6  show s th e  in c o rp o ra tio n  d a ta  fo r  th e  C -
immonium ion in to  th e  alkalo ids of th e  two p la n t sp e c ie s .-  In  each  
14ex p e rim e n t, th e  C -lab e lled  immonium ion (113) was alm ost as e ff ic ie n t
as  p u tre s c in e  in  th e  b io sy n th e s is  of th e  re s p e c t iv e  a lk a lo id s .
14T he C feed in g  ex p erim en ts  d is c u s se d  in  th is  sec tio n , h a v e  
p ro v id e d  good e v id en ce  fo r th e  p a r tic ip a tio n  of th e  immonium ion (108) 
in  th e  b io sy n th e tic  p a th w ay s  to a ra n g e  of p y rro liz id in e  a lka lo id s .
4. 3 P y rro liz id in e  Diols an d  R osm arinecine as  In te rm e d ia te s  in 
R osm arin ine B io sy n th e s is
( ± )-Iso re tro n e c a n o l (51b) h a d  p re v io u s ly  b een  show n to  b e  an  
in te rm ed ia te  in th e  b io sy n th e s is  of ro sm arin ec in e  (21) (C h a p te r  2 .1 ) .
We w ished  to e s ta b lis h  th e  o rd e r  of h y d ro x y la tio n  p ro c e s s e s  betw een  
(± )- iso re tro n e c a n o l an d  ro sm arin ec in e  an d  to  see  if ro sm arin e c in e  is 
in c o rp o ra te d  e ffic ie n tly  in to  ro sm arin ine  (2 0 ). T h e re fo re ,  ro sm arin ec in e
, 14
=f Specific C in c o rp o ra tio n  is  c a lcu la ted  from {(m olar a c tiv ity  of ro sm ar-
14in in e ) /(m o la r  a c tiv ity  of [ C]immonium io n )}  x  100%.
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(21) an d  p la ty n e c in e  (124) w ere p re p a re d  a n d  fe d  to  Senecio
p le is to c e p h a lu s . B oth  p r e c u r s o r s  w ere d e r iv e d  from  H -lab e lled
ro sm a rin in e , w hich was o b ta in ed  b y  feed in g  one w e ll-e s ta b lish e d  p la n t 
3w ith  [2 ,3 -  H ]p u tre s c in e  d ih y d ro c h lo rid e . A lkaline  h y d ro ly s is  of a
3 3sam ple of th e  H -ro sm arin in e  fu rn is h e d  H -ro sm arin ec in e . P la ty n ec in e
3
was p r e p a re d  b y  m esylation of H -ro sm arin in e , follow ed b y  re d u c tio n  of
7 9
th e  m esy la te  w ith  sodium  c y a n o b o ro h y d r id e , a n d  h y d ro ly s is  of th e  
p ro d u c t (Schem e 44).
3 3T he sam ples of H -ro sm arin ec in e  a n d  H -p la ty n e c in e  w ere b o th
m ixed w ith  [ 1 ,4 -  ^ C ]  p u tre s c in e  d ih y d ro c h lo rid e  to  g ive  in itia l ^ H /^ C
ra tio s  of 16.1 a n d  12 .3 , r e s p e c tiv e ly , an d  each  m ix tu re  was fed  to  one
Senecio  p le is to c e p h a lu s  p la n t b y  th e  wick m ethod .
3 ^T he H spec ific  in c o rp o ra tio n ' fo r ro sm arin in e  (20) was 4.0%
3 14 3 3w ith  a H / C ra tio  of 9 .3  a f te r  feed ing  H -ro sm arin ec in e . T he H
1 3 14spec ific  in c o rp o ra tio n 1  fo r ro sm arin in e  was 7.3% w ith  a HI  C ra tio  of
3
10.2 a f te r  a d m in is te rin g  H -p la ty n e c in e . T h ese  r e s u l t s  in d ica te  th a t  
b o th  ro sm arin ec in e  (21) an d  p la ty n ec in e  (124) a re  in c o rp o ra te d  in to  
ro sm arin in e  w ith alm ost th e  same effic iency  as  p u tre s c in e  (2 7 ).
In  ad d itio n  to  th e  two feed ing  e x p e rim e n ts  ab o v e , i t  h a d  also  
b een  in te n d e d  to  feed  th e  s tru c tu ra l  isom er (125) of p la ty n e c in e . 
U n fo rtu n a te ly , a su c c e ss fu l s y n th e s is  of th e  diol (125) cou ld  n o t be  
a c h ie v e d . As show n in Schem e 45, in itia l e f fo r ts  in  th e  s y n th e s is  of 
th e  diol (125) c o n c e n tra te d  on u s in g  ro sm arin in e  (20) as s ta r t in g  m a te ria l.
F o r th e  f i r s t  s te p  in th e  se q u e n c e , i t  was c ritic a l to  choose 
a p ro te c tin g  g ro u p  th a t  was going to b e  s ta b le  to w ard s  basic  co n d itio n s . 
C o n se q u e n tly , th e  ace ta l was se lec ted . T h re e  p ro te c tin g  g ro u p  re a c tio n s
4  see  p . I l l  fo r ex p lan a tio n .
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(126 a )  P =
(126 b )  P - CH20CH2CH20C H3
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Scheme 45
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in v o lv in g  th e  form ation of an ace ta l a t  C -2  of ro sm arin in e  w ere in v e s t i ­
g a te d . T he  form ation of th e  te tr a h y d ro p y ra n y l  (TH P) e th e r  of 
ro sm a rin in e  ( 126a) could  n o t be  accom plished  u n d e r  a v a r ie ty  of 
c o n d itio n s . When ro sm arin ine  was t r e a te d  w ith  m ethoxyethoxym ethy l 
(MEM) ch lo rid e  in o rd e r  to p ro d u ce  th e  p ro te c te d  ro sm arin ine  (1 2 6 b ), 
a m ix tu re  of p ro d u c ts  was o b ta in ed  w hich  was n o t easily  s e p a ra te d . 
F in a lly , th e  p re p a ra tio n  of th e  m ethoxym ethy l (MOM) e th e r  (126c) w as 
a t te m p te d , b u t  th is  also  p ro v ed  u n s u c c e s s fu l .  I t  was th e re fo re  d ec id ed  
to  c o n s id e r  an  a lte rn a tiv e  ty p e  of p ro te c tin g  g ro u p . A cco rd in g ly , 
ro sm a rin in e  was t r e a te d  with b e n zy l b rom ide a n d  so d iu m 'h y d rid e  in  th e  
a n tic ip a tio n  th a t  2 - 0 - (b e n z y l)ro sm a rin in e  w ould b e  form ed (126d ).
T h is  re a c tio n  fa iled  to g ive any  of th e  d e s ire d  p ro d u c t .  S u ccess  w as 
.ach ieved  w hen ro sm arin in e  was s t i r r e d  w ith  t e r t .-b u ty ld im e th y ls ily l 
c h lo rid e  a n d  im idazole in d ry  d im ethyl form am ide (DM F). T h is  r e s u l te d  
in th e  fo rm ation  of 2 -O - te r t  .- (b u ty ld im e th y ls ily l) ro sm a rin in e  (126e).
T he  n .m . r .  sp ec tru m  of (126e) in d eu te rio ch lo ro fo rm  d isp la y ed  two 
s in g le ts  a t  6  0 .1  an d  0 .5  due to th e  two m ethy ls  a t ta c h e d  to th e  silicon  
an d  a n in e  p ro to n  s in g le t a t 6  0 .85 a s so c ia te d  w ith th e  te r t ia ry  b u ty l  
g ro u p  also  a t ta c h e d  to  th e  silicon . F u r th e rm o re , h ig h  re so lu tio n  m ass 
sp e c tro m e try  of th e  d e riv a tiv e  e s ta b lis h e d  th e  m olecular form ula as  
C 2 3 H N C^Si. T he su ccess  was s h o r t- l iv e d  b e c a u se  d u rin g  th e  en su in g  
h y d ro ly s is  reac tio n , n o t only w as th e  d ie s te r  h y d ro ly s e d , b u t  th e  t e r t . -  
b u ty l  d im ethy lsily l p ro te c tin g  g ro u p  was rem o v ed , r e s u lt in g  in  ro sm arin e c ­
in e  (21) as  th e  p ro d u c t. A t th is  p o in t an  a l te rn a tiv e  sy n th e tic  s t r a t e g y ,  
s ta r t in g  from  ro sm arin ec in e , was a d o p te d  (Schem e 46) .
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T h is  p ro c e d u re  re lied  u p o n  th e  e x p e c te d  p re fe re n t ia l
fo rm ation  of a six -m em bered  ace to n id e  of ro sm arin e c in e  o v e r a se v e n -
80m em bered  sy stem  1 Employing th e  m ethod of S in g h  e t a l . ,  ro sm ari­
n e c in e  was d is so lv e d  in d ry  ace tone a n d  s t i r r e d  w ith fe r r ic  ch lo ride  to  
g iv e  one p ro d u c t  w ith m olecular form ula C -^ H ^ N O ^ . A n .m .r .  
sp e c tru m  of th e  p ro d u c t ex h ib ited  two s in g le ts  a t  61 .27  a n d  1.38, w hich  
w as c o n s is te n t w ith th e  form ation of an  ace to n id e . T he n .m .r .  
sp e c tru m  h o w ev er d id  n o t c learly  re v e a l w h e th e r  th e  1 ,3 -d io x an e  (127)
o r  th e  1 ,3 -d io x ep an e  (128) had  been  fo rm ed . T h e re fo re  i t  was d ec id ed  
13to  exam ine th e  C n .m .r .  sp ec trum  b e c a u se  i t  h a s  b een  shown th a t
th e  chem ical s h if t  of an acetal ca rb o n  of an  iso p ro p y lid in e  ace ta l is
81c h a ra c te r is t ic  of r in g - s iz e .  In  th is  c a s e , i t  a p p e a re d  from, th e  la rg e
chem ical s h if t  v a lu e  of th e  acetal c a rb o n  i . e . ,  6 101 .3 , th a t  a se v e n -
13m em bered  r in g  h a d  b een  form ed. A ty p ic a l C chem ical sh if t  value 
fo r  an  ace ta l c a rb o n  w hich is p a r t  of a s ix -m em b ered  r in g  is  ca . 6  9 9 . 
H ow ever, fo r  com plete v e rifica tio n , th e  ace to n id e  was m esy la ted , 
r e d u c e d  w ith sodium  c y a n o b o ro h y d rid e , a n d  th e  p ro d u c t  was s t i r r e d  in  
aq u eo u s  ac id  to  g iv e  p la ty n ec in e  (124 ). T h u s , it becam e a p p a re n t 
th a t  th e  1 ,3 -d io x ep an e  (128) h ad  fo rm ed . T h is  w as n o t to ta lly  
u n e x p e c te d  s in ce  models h ad  show n th a t  th e  form ation of b o th  a six  
a n d  sev en -m e m b ered  system  was fe a s ib le .
U n fo r tu n a te ly , due to a lack ' of tim e, a d if fe re n t  ap p ro ach  to  
th e  s y n th e s is  of 2 a -h y d ro x y - l$ -h y d ro x y m e th y l-8 a -p y rro liz id in e  (125) 
cou ld  n o t b e  e x p lo re d .
S ince c ry s ta llin e  p la ty n ec in e  (124) becam e availab le  d u rin g  
th is  w o rk , th is  p ro v id e d  an o p p o rtu n ity  to  e x te n d  th e  lim ited  ra n g e  of
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CH3COCH3
l>
FeCI
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1. CH3S 0 2CI, Et3N, - 7 8 ° C
2. NaCNBH3
3. H +
3
h 3
(125)
S c h e m e  46
(128) R = H
(129) R = S 0 2CH3
I l l
n ec in e  b a se s  w hich hav e  b een  s tu d ie d  b y  X -ra y  c ry s ta l lo g ra p h y . T h u s ,  
an  X -ra y  c ry s ta l  s t r u c tu r e  an a ly s is  was c a r r ie d  ou t on p la ty n e c in e , b y
o?
D r. A .A . F re e r  (F ig u re  14).
P la ty n ec in e  (124) h a s  b een  show n to  b e  an e ff ic ie n t p r e c u r s o r  
of ro sm arin e c in e  in  S . p le is to c e p h a lu s , b u t  th e  s ta tu s  of th e  isom eric  
diol (125) in  ro sm arin in e  b io s y n th e s is  is s til l  u n c e r ta in . R osm arinec ine  
is  in c o rp o ra te d  e ffic ien tly  in to  ro sm a rin in e .
4 S pecific  H in c o rp o ra tio n  is c a lc u la te d  from  {(m olar a c tiv ity  of
3
ro sm arin in e  (2 0 ) ) /(m o lar a c tiv ity  of [ H] p re c u r s o r )}  x  100%.
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C h a p te r  5
SYNTHESIS OF PYRROLIZIDINE ALKALOIDS AND ANALOGUES
5 .1  In tro d u c tio n
P y rro liz id in e  a lka lo id s h a v e  a t t r a c te d  m uch a t te n tio n  b e c a u se  
of th e ir  w id esp read  d is tr ib u tio n  a n d  th e  r a n g e  of b io logical a c tiv it ie s  
th e y  e x h ib it ,  in  p a r t ic u la r  h e p a to to x ic i ty .  ^ T he to x ic ity  h a s  b een  
a t t r ib u te d  to  th e  p y rro liz id in e  n u c le u s  in  com bination w ith  an  ally lic 
e s te r  fu n c tio n  (C h a p te r  1 .3 ) . T he  m ost tox ic  a lkalo ids a r e  th e  m acro - 
cyclic  d ie s te r s  form ed b y  d ie s te r if ic a tio n  of a p y rro liz id in e  diol 
(u su a lly  re tro n e c in e )  o r tr io l w ith a necic  d ia c id . P y rro liz id in e
2alk a lo id s  w ith  r in g  sizes of 11, 12, 13, an d  14 h av e  b e e n  is o la te d .
In  o rd e r  to  develop  an u n d e rs ta n d in g  of s t r u c tu r e - a c t iv i ty  
re la tio n s h ip s  in th is  a re a ,  s y n th e tic  ro u te s  to  m acrocyclic a lk a lo id s  a n d  
s t r u c tu ra l ly  re la te d  an a lo g u es h av e  b een  d e v ise d . T he follow ing 
sec tio n  d e sc r ib e s  su ch  ro u te s .
5. 2 S y n th e s is  of M acrocyclic D ie s te rs
Most of th e  sy n th e tic  w ork on p y rro liz id in e  a lk a lo id s  h a s
b een  d ire c te d  to w ard s  th e  n e c in e s . N e v e r th e le s s , th e  o u ts ta n d in g
ch a llen g e  in  th is  a re a  h a s  b een  th e  to ta l sy n th e s is  of m acrocyclic
p y rro liz id in e  d ie s te r s .  In d e e d , i t  was n o t u n til th e  b e g in n in g  of th is
d ecade  th a t  th e  f i r s t  e n co u ra g in g  r e s u l t s  w ere p u b lish e d . R o b in s  an d  
83S a k d a ra t r e p o r te d  th e  f i r s t  s y n th e s is  of an  e lev en -m em b ered  d ilac to n e  
(136) of (+ )- re tro n e c in e  (3 ) .
114
T he k ey  re a c tio n  of th is  s y n th e s is  was th e  C orey-N ico laou
84"d oub le  ac tiv a tio n "  m ethod  of la c to n is a t io n . T h is  m ethod  of in te rn a l
e s te r if ic a tio n  of h y d ro x y  ac id s  is h ig h ly  e ffic ien t a n d  can  b e  u s e d  w ith
com plex an d  p o ly fu n c tio n a l s u b s t r a te s .  T he ca rb o x y l an d  h y d ro x y l
g ro u p s  a re  s im u ltaneously  a c tiv a te d  to  prom ote in te ra c t io n . T h is  is
85e ffe c te d  b y  th e  fo rm ation  of a p y r id in e - 2 - th io le s te r ,  w hich is doubly
a c tiv a te d  to w ard s la c to n isa tio n  b y  th e  in te rn a l  p ro to n  t r a n s f e r  of a 
p ro to n  from th e  h y d ro x y l as show n in F ig u re  15. T he t r a n s f e r  of th is  
p ro to n  is  fa c ilita te d  b y  th e  basic  n itro g e n  of th e  p y r id in e  n u c le u s .
'0  
CH 2 
OH
Figure 15
Full d e ta ils  of th e  s y n th e s is  of th e  d ilac tone (136) a n d  a
s e r ie s  of sim ilar a lkalo id  ana logues [(137) -  (142)] w ere p u b lish e d  soon 
86a f te r  (Schem e 47). T rea tm en t of (+ )- re tro n e c in e  (3) w ith  an e q u i-  
m olar am ount of 3 , 3 - d im eth y lg lu ta ric  a n h y d r id e  in  d ry  ch loroform  gave 
a q u a n tita t iv e  m ix tu re  of th e  co rre sp o n d in g  7- (132) a n d  9- (133) 
m o n o este rs  of (+ )- re tro n e c in e  (3 ) .  T h e re  was no ev id en ce  of 7 ,9 -  
d ie s te r  form ation p ro b a b ly  b ecau se  th e  in itia l zw itte rion ic  m onoesters  
w ere  p re c ip ita te d . T he m ix tu re  of m onoesters  was c o n v e r te d  in to  th e  
c o rre sp o n d in g  p y r id in e - 2 -th io le s te rs  (134) an d  (1 3 5 ), u s in g  2 ,2 '-d ith io -  
d ip y rid in e  (130) an d  tr ip h e n y lp h o sp h in e  (131). L ac to n isa tio n  was th e n
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e f fe c te d  b y  slow ad d itio n  of th e  p y r id in e - 2 - th io le s te rs  to  re f lu x in g  
ch loroform  an d  h e a tin g  a t  re f lu x  w as c o n tin u ed  fo r  12 h o u rs .  Iso la tio n  
a n d  p u rif ic a tio n  of th e  d ilac to n e  b y  p re p a ra t iv e  th in  la y e r  ch ro m a to g ra p h y  
a f fo rd e d  1 3 ,1 3 -d im e th y l-1, 2 -d id e h y d ro c ro ta la n in e  (136) as  an  oil.
T he  n o te w o rth y  fe a tu re  in  th e  n .m . r .  sp ec tru m  of th e  d ilac to n e  (136) 
was th e  p re se n c e  of an  AB (J  12 Hz) due to  th e  d ia s te re o to p ic
p ro to n s  a t C -9 . T he chem ical s h if t  d iffe re n ce  be tw een  th e se  p ro to n s  
w as 1 .24 p .p .m .  T he  com bination of sp e c tra l d a ta  was su ff ic ie n tly  
co n v in c in g  ev id en ce  fo r th e  fo rm ation  of an e leven -m em bered  m acrocyclic  
d ie s te r .
87S h o r tly , a f te rw a rd s ,  R ob ins e t a l. c a r r ie d  o u t th e  f i r s t  
s y n th e s is  of a m acrocyclic p y rro liz id in e  a lka lo id , d ic ro ta lin e  (1 4 1 ).
T h is  was chosen  as  a s y n th e t ic  ta rg e t  b eca u se  it was th e  s im p lest of 
th e  e leven -m em bered  m acrocyclic d ie s te r s  of (+ )- r e t r o n e c in e . U sing  
th e  p ro c e d u re  d e s c r ib e d  ab o v e , 3 -h y d ro x y -3 -m e th y lg lu ta r ic  a n h y d r id e  
p ro te c te d  as i ts  tr im e th y ls ily l e th e r ,  re a c te d  w ith  (+ )- r e tro n e c in e  (3) 
to  g iv e  c ru d e  d ic ro ta lin e  (141) an d  its  C-13 epim er (1 4 2 ). No 
d e p ro te c tio n  s te p  was n e c e s s a ry  a s  th e  p ro te c tin g  g ro u p  was rem oved  
in  th e  w o rk -u p . T he two com ponents w ere s e p a ra te d  b y  p re p a ra t iv e  
th in  la y e r  ch ro m a to g rap h y . T he ab so lu te  c o n fig u ra tio n  of each  a lkalo id  
was e s ta b lish e d  b y  a spec ific  d e g ra d a tio n  of each epim er to  op tica lly  
a c tiv e  m evalonolactone.
I t  is  b e liev ed  th a t  s te r ic  h in d ra n c e  a t th e  a -p o s itio n s  of th e
d iac id  p o rtio n s  en h an c es  to x ic ity  b y  re d u c in g  th e  e x te n t  of d e to x if ic a t-
21 88 ion  b y  h y d ro ly s is .  T h e re fo re , B row n e t a l. r e a c te d  (+ )- r e tro n e c in e
(3) w ith  m eso -2 ,4 -d im e th y lg lu ta r ic  a n h y d rid e  in d ry  d im eth o x y e th an e
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(132) R1= C0CH2CMe2CH2C 0 2H ,  H
(133) R1: H , R2;C 0 C H 2CMe2CH2C 0 2H
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(138) H H
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(140) r H CH3 1 c h 3 H 3
(141) OH CH3
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(DME) to o b ta in  a m ix tu re  of th e  c o rre sp o n d in g  9- m o n o e ste rs  of 
(+ )- r e tro n e c in e . L ac to n isa tio n  v ia  th e  p y r id in e -2 -th io le s te rs  g av e  ca_.
1 .1  m ix tu re  of d ilac tones  (143a) a n d  (143b) which w as s e p a ra te d  b y  
colum n ch ro m a to g rap h y . A se q u e n c e  of chem oselective re a c tio n s  was 
c a r r ie d  ou t on each d ia s te reo iso m e r to  e s ta b lish  th e  a b so lu te  c o n f ig u r­
a tio n  of th e  acid  p o r tio n s .  In  each  ca se , h y d ro g e n o ly s is  a n d  b o ro -  
h y d r id e  red u c tio n  of th e  d ilac to n e s  a ffo rd e d  te tra h y d ro -3 ,5 -d im e th y l-  
2 H -p y ra n -2 -o n e s  (144a) an d  (144b) of know n c o n f ig u ra tio n s . X -R ay  
c ry s ta l  s t r u c tu r e  a n a ly s is  con firm ed  th e  s t r u c tu re  of th e  (1 2 S ,1 4 R )- 
isom er (1 4 4 b ), an d  e s ta b lish e d  th a t  th e  ca rb o n y l b o n d s  >of th e  e s te r  
fu n c tio n s  a re  sy n p a ra lle l.
M acrocyclic p y rro liz id in e  d ie s te r s  g en e ra lly  h a v e  11- o r  12- 
m em bered r in g s .  No p y rro liz id in e  a lkalo ids con ta in in g  ten -m em b ered  
r in g s  h av e  so f a r  b een  iso la te d  a lth o u g h  succin ic  ac id  d e r iv a tiv e s  a re  
common p la n t c o n s ti tu e n ts .
89B u rto n  an d  R ob ins s y n th e s is e d  th e  f i r s t  ten -m em b ered  
m acrocyclic d ie s te r s  (1 4 5 ), (1 4 6 ), ( 147a) an d  (147b) of (+ )- r e tro n e c in e  
(3) b y  tre a tin g  re tro n e c in e  w ith  succ in ic  a n h y d r id e , p h th a lic  a n h y d r id e  
a n d  ( ± ) - t r a n s - c y c lo h e x a n e - 1 , 2 -d ic a rb o x y lic  a n h y d r id e , re s p e c t iv e ly , 
u n d e r  C orey-N icolaou co n d itio n s . T he reac tio n  of ( ± ) - t r a n s - c y c lo h ex an e -
1 ,2 -d ica rb o x y lic  a n h y d r id e  w ith re tro n e c in e  gave a 4: 1 m ix tu re  of 
d ia ste reo iso m ers  (147) . X -R ay  c ry s ta l  s t r u c tu r e  a n a ly s is  on th e  
su c c in a te  d ilac tone (145) show ed th a t  th e  ten -m em bered  m acrocycle 
a d o p ts  a conform ation in w hich th e  ca rb o n y l g ro u p s  a re  a n tip a ra lle l.
T he low y ie ld  (16%) fo r  analogue (146) p ro m p te d  B u rto n  an d  
R obins to develop a d if fe re n t ro u te  to  analogues co n ta in in g  arom atic
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r in g s  o r u n s a tu ra t io n  in th e  acid  m oiety .
(+ )-R e tro n e c in e  was c o n v e r te d  in to  ( 7 R ,8 R )-T -ch lo ro m eth y l-
1 ,2 -d id e h y d ro -7 -h y d ro x y p y rro liz id in iu m  ch lo rid e  (148) on tre a tm e n t w ith 
th io n y l c h lo rid e . P h th a lic  a n h y d r id e  was th e n  a d d e d  to  th e  allylic 
ch lo rid e  (148) in  DMF, along w ith  two e q u iv a le n ts  of 1 , 8 -d iaz ab icy c lo - 
[ 5 .4 . 0 ]u n d e c -7 -e n e  (DBU) form ing th e  p y rro liz id in e  a lka lo id  analogue 
(146) in a y ie ld  of 57%. S im ilarly , o th e r  new  p y rro liz id in e  a lkalo ids 
w ere p r e p a re d  (149) -  (156), b y  v a ry in g  th e  arom atic  a n d  u n s a tu ra te d  
a n h y d r id e s .  A nalogues (155) an d  (156) cou ld  n o t b e  s y n th e s is e d  u s in g  
C orey -N ico laou  c o n d itio n s . I t  is b e liev ed  th a t  each  re a c tio n  p ro b a b ly  
in v o lv es  th e  in te rn a l  nucleoph ilic  d isp lacem en t of ch lo rid e  b y  c a rb o x y la te  
an io n . U sing  b a s e s  su ch  as  N _,N -d i-isopropy le thy lam ine (H u n ig 's  b a se )  
a n d  po tass iu m  h y d ro x id e  in p lace of DBU r e s u l te d  in  p ro d u c ts  b e ing  
form ed in low er y ie ld .
T he  new  lac to n isa tio n  p ro c e d u re  was t r i e d  w ith  some s a tu r a te d  
a n h y d r id e s .  C y c lised  p ro d u c ts  w ere o b ta in ed  in low er y ie ld s , p ro b a b ly  
b e c a u se  th e  ally lic  ch lo rid e  decom posed s lig h tly  a n d  th e  r a te s  of 
cy c lisa tio n  w ere s ig n if ican tly  slow er. T h u s , i t  w as co n c lu d ed  th a t  to  
p re p a re  an a lo g u es  u s in g  s a tu ra te d  a n h y d r id e s ,  th e  C orey-N ico laou  is 
th e  p r e f e r r e d  m ethod .
91M asamune e t a l. hav e  d ev eloped  a s y n th e tic  m ethod fo r  th e  
c o n s tru c tio n  of m acrocyclic la c to n e s . T he p ro c e d u re  em ploys th e  
te r t . - b u ty l th io le s te r  of a h y d ro x y  acid  an d  m ercu ric  tr if lu o ro a c e ta te  o r 
m e th an esu lp h o n a te  to  e ffe c t la c to n isa tio n , as  show n in Schem e 48.
121
(149) R = H, R = Cl
(150) R1- R2: Br
(151) R1: R2: Cl
(153) (154)
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I t  is  b e lie v e d  th a t  th e  cy c lisa tio n  re a c tio n  p ro c e e d s  th ro u g h  
a m etal com plex a s  show n in F ig u re  16. O th e r  thiophildc metal c a tio n s  
su ch  a s  C u ( I ) , C u (II )  an d  A g(I) can  b e  u s e d .
F i g u re  16
T he 11-m em bered p y rro liz id in e  m acrocyclic d ie s te r s ,  c ro b a rb a tin e
a c e ta te  ( 157a) and ad iaste reo iso m er (157b) w ere s y n th e s is e d  b y  H uang 
92a n d  M einwald em ploying th e  above s tr a te g y  (Schem e 49).
C ro b a rb a tic  ac id  lac tone (158), show n to  b e  th e  t r a n s  isomer^ 
w as c o n v e r te d  in to  th e  m ethylene ch lo rid e  so lu b le  dim ethylalum inium  
sa lt  (1 5 9 ), w hich w as su b se q u e n tly  re a c te d  w ith  dim ethylalum inium
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t e r t . - b u ty l s u lp h id e  a ffo rd in g  th e  d e s ire d  th io le s te r  (1 6 0 ). T h e  t e r t i a r y  
h y d ro x y l was p ro te c te d  as  i t s  a c e ta te  b e fo re  c o n v e rtin g  th e  f re e  ac id  
in to  th e  acylim idazolide (161) w ith N ,N '-c a rb o n y ld i- im id a z o le  (C D I).
T h is  a c tiv a te d  th e  c a rb o n y l g ro u p  to  a t ta c k  from  th e  p rim ary  ally lic 
h y d ro x y l g ro u p  of (+ )- r e t r o n e c in e . T h e  two com ponents w ere co u p led  
b y  a d d in g  th e  im idazolide (161) to  a so lu tio n  of re tro n e c in e  in  t e t r a -  
h y d ro fu ra n  (TH F) , con ta in in g  a ca ta ly tic  am oun t of sodium  h y d r id e .  
V ario u s  a tte m p ts  to  cyclise  th e  ally lic  m onoester fa iled . H ow ever, fiv e  
e q u iv a le n ts  of c o p p e r  (I) tr if lu o ro m e th a n e su lp h o n a te -b e n z e n e  com plex 
w ere fo u n d  to  e ffe c t th e  c ru c ia l cy c lisa tio n  in  good y ie ld . T he  two 
d ia s te re o iso m e rs  (157) form ed w ere s e p a ra te d  u s in g  column chrom ato ­
g ra p h y  .
T he  co n fig u ra tio n s  of th e  ac id  p o r tio n s  of th e  d ilac to n es  w ere 
e s ta b l is h e d  b y  ac id  h y d ro ly s is  of each  d ia s te reo iso m e r an d  a n a ly s is  of 
th e  C o tto n  e ffe c t e x h ib ite d  b y  each lac to n ic  ac id  (F ig u re  17) . A tte m p ts  
made to  d e a c e ty la te  b o th  d ia ste reo iso m ers  u n d e r  b a s ic  con d itio n s  to  
o b ta in  th e  f re e  a lka lo id s met w ith fa ilu re  a n d  p ro d u c e d  r e tro n e c in e . 
H ow ever, u s in g  ac id  c a ta ly se d  c o n d itio n s , th e  d e a c e ty la te d  p ro d u c t  was 
p ro d u c e d  in  low y ie ld , b u t  the  a u th o rs  w ere  u n ab le  to p ro v e  th a t  th is  
c o r re s p o n d e d  to  n a tu ra l  c ro b a rb a t in e .
T h e  p re p a ra tio n  of all th e  an a lo g u es  d isc u sse d  d ep en d e d  on a 
s u p p ly  of (+ )- re tro n e c in e  (3) from n a tu ra l  s o u rc e s ,  since  th e  availab le  
s y n th e t ic  ro u te s  to  (+ )- re tro n e c in e  a re  le n g th y  an d  low y ie ld in g .
T h is  lim ited  th e  am ount of each analogue th a t  w as p r e p a re d ,  an d  since  
a re a so n a b le  am ount is r e q u ire d  fo r tox ico log ical s tu d ie s ,  a more 
a c c e ss ib le  n ec in e  o r nec in e  analogue was n e c e s s a ry .  B a rb o u r an d
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93R o b in s  s e le c te d  2 ,3-b is (h y d ro x y  m e th y l) -1 -m e th y l-2, 5 -d ih y d ro p y rro le
(162) ( sy n th a n e c in e  A ) . T h is  was ch o sen  b e c a u se  i t  cou ld  b e  easily
p r e p a r e d  a n d  d ie s te r  d e r iv a tiv e s  of s y n th a n e c in e  A w ere  show n to
p ro d u c e  dam age to  th e  l iv e rs  of an im als, sim ilar to  th a t  c a u se d  b y
94p y rro liz id in e  a lk a lo id s . In  a d d itio n , M attocks h a d  d e m o n stra te d  th a t
th e  s a tu r a te d  r in g  in th e  p y r ro liz id in e  n u c le u s  system  is  n o t inv o lv ed
95in  th e  tox ic  p ro c e s s .
( ±) -S y n th a n e c in e  A (162) w as p r e p a r e d  b y  a s lig h tly  m odified
95v e rs io n  of th e  ro u te  p u b lish e d  b y  M attocks (Schem e 50).
C o n d en sa tio n  of m ethylam ine a n d  d ie th y l m aleate (163)
a f fo rd e d  th e  d ie s te r  (164 ), which was c o n v e r te d  in to  th e  t r i e s te r  (165)
w ith  e th y l b ro m o ace ta te . A ddition of sodium  h y d r id e  e ffe c te d  a
D ieckm ann c y c lisa tio n , g iv ing  th e  cyclic k e to n e  as  p ro d u c t (166 ).
S e le c tiv e  re d u c tio n  of th e  k e to n e , follow ed b y  d e h y d ra tio n  gave  th e
d e s i r e d  u n s a tu ra t io n .  F inally  re d u c tio n  of th e  d ie s te r  (1 6 7 ), gav e  th e
d io l, s y n th a n e c in e  A (1 6 2 ).
A s e r ie s  of 10- an d  11-m em bered m acrocyclic d ie s te r s  of
93 96sy n th a n e c in e  A was c o n s tru c te d  b y  B a rb o u r  a n d  R o b in s , ’ u s in g  
s u b s t i tu t e d  su cc in ic  a n d  g lu ta ric  a n h y d r id e s ,  r e s p e c t iv e ly .
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A p re lim in a ry  in v e s tig a tio n  in to  th e  s y n th e s is  of (± ) -c r is p a t in e
97(168) a n d  (± )- fu lv in e  (169) was c o n d u c te d  b y  V edejs a n d  L a rse n  
u s in g  th e  C orey-N ico laou  lac to n isa tio n  m ethod , w ithou t s ig n if ic a n t 
s u c c e s s .  H ow ever, adoption  of an  a l te rn a t iv e  p ro c e d u re  a ffo rd e d  (168) 
a n d  (169) in  m uch im proved  y ie ld s . T he k ey  reac tio n  was th e  
d isp lacem en t of a h ig h ly  re a c tiv e  m esy late  b y  c a rb o x y la te  an io n .
C risp a tic  a n h y d rid e  (1 7 1 ), p r e p a re d  from  c r isp a tic  ac id  (170) 
w as p ro te c te d  as  i ts  m ethoxym ethyl e th e r  (1 7 2 ). O pening  of th e  
a n h y d r id e  (172) u s in g  2 -trim e th y ls ily le th o x y d im e th y l aluminium g av e  th e
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p ro te c te d  c r is p a tic  d e r iv a tiv e  (1 7 3 ), an d  th e  f re e  acid  w as a c t iv a te d  b y  
fo rm ing  th e  m ixed p h o sp h o ric  a n h y d r id e  (174) . C oupling  of th e  
a n h y d r id e  w ith  th e  lith ium  a lkox ide  of m o n o s ily l(± )-re tro n e c in e  (174) 
p ro d u c e d  th e  7 -m onoester (176a) an d  a d ia ste reo iso m er (176b) in  eq u a l 
q u a n t i t ie s .  D esily lation  of th e  m onoester l ib e ra te d  th e  p rim ary  h y d ro x y l 
g ro u p ,  w hich was th e n  tra n s fo rm e d  in to  th e  m esy la te . W ithout is o la t io n , 
th is  w as a d d e d  to  ex ce ss  te tra -n -b u ty lam m o n iu m  flu o rid e  h y d ra te  in 
a c e to n itr i le ,  cau s in g  sp o n tan eo u s  la c to n isa tio n , an d  form ing two se p a ra b le  
d ia s te re o iso m e rs  (177a) an d  (1 7 7 b ). Q u a n tita tiv e  d e p ro te c tio n  of 
com pounds (177a) an d  (177b) y ie ld e d  ( ± ) -c r is p a tin e  (168) an d  (± ) - fu lv in e
(1 6 9 ), re s p e c t iv e ly  (Schem e 51). T he  sp e c tro sc o p ic  an d  ch rom ato ­
g ra p h ic  d a ta  of a lkalo ids (168) a n d  (169) w ere id e n tica l to  th o se  of 
a u th e n tic  sa m p le s .
T h e  only  12-m em bered m acrocyclic p y rro liz id in e  a lkalo id  to  b e
98s y n th e s is e d  is  in teg e rrim in e  (1 7 8 ), f i r s t  p r e p a re d  b y  N arasak a  e t  a l.
T h e  s y n th e s is  in c lu d es  a novel m eans of la c to n isa tio n  a f te r  u s in g  th e  
m e th y lth io m eth y l e s te r  (CC^CH^SCH^) as  a p ro te c tin g  g ro u p .
T he  m ethy lth iom ethy l (MTM) g ro u p  is a w ell-know n p ro te c tin g  
g ro u p  fo r  alcoho ls an d  carboxy lic  a c id s . D ep ro tec tio n  is  u su a lly  c a r r ie d  
o u t b y  h eav y  m etal sa lts  o r o x id isin g  a g e n ts .  T he la t te r  tra n s fo rm s  th e  
m e th y lth io m eth y l g ro u p  in to  a m e th y lsu lp h o n y lm eth y l g ro u p  w hich is 
re a d ily  h y d ro ly s e d  by  aq u eo u s a lka li ( Schem e 52) . T he a u th o rs  
e n v isa g e d  th a t  an  e s te r  w ould b e  form ed  if th e  m eth y lsu lp h o n y lm eth y l 
e s te r  was t r e a te d  w ith a m etal a lkox ide  in s te a d  of aq u eo u s a lk a li.
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In  e s s e n c e , th e  s y n th e s is  of in teg e rrim in e  (178) in v o lv e d  th e
jo in ing  to g e th e r  of su ita b ly  p ro te c te d  re tro n e c in e  an d  in te g e r r in e c ic
h y d ro x y l of r e tro n e c in e  was p ro te c te d  as  th e  _t-butyl dim e th y l s ily l e th e r
a n d  p ro te c te d  to g ive  d e r iv a tis e d  in te g e rr in e c ic  ac id  (1 8 1 ). T h is  was 
tra n s fo rm e d  in to  th e  ac id  a n h y d r id e  (182) w ith 2 - c h lo ro - l -m e th y l-  
p y rid in iu m  iodide a n d  tr ie th y lam in e  (M ukaiyam a r e a g e n t ) .  A f te r  
fo rm ation  of th e  lith ium  a lk o x id e  of m o n o s ily l(± )-re tro n e c in e  (175) th e  
tw o com ponen ts (175) an d  (182) com bined to  g ive  com pound (183a) an d  
i t s  d ia s te reo iso m er (1 8 3 b ). T he  sily l g ro u p s  w ere rem o v e d , a n d  th e  
su lp h id e s  w ere o x id ised  to  th e  su lp h o n e s . U n fo r tu n a te ly , N -ox ide
a c id .
R e tro n ec in e  (3) was p re p a re d  b y  m odifying th e  s y n th e tic  
99p ro c e d u re  of G eissm an. P r io r  to coup ling  h o w ev er, th e  ally lic
98(179) . In te g e r r in e c ic  ac id  la c to n e  (180) was p re p a re d  a s  r e p o r te d
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fo rm ation  of th e  n ec in es  accom panied  th e  la t te r  r e a c t io n . E s te rif ic a tio n
of th e  a c tiv a te d  ac id s  was accom plished  b y  th e  in tra m o le c u la r  n u c le o -
ph ilic  d isp lacem en t of th e  m e th y lsu lp h o n y lm eth y l g ro u p s  to  a f fo rd  th e
d ilac to n e s  (184) . R eduction  of th e  N -o x id es  (184) y ie ld e d  a d ia s te re o iso -
m eric m ix tu re  of b a se s  [(185a) a n d  (185b)] w hich was s e p a ra te d .
Rem oval of th e  m ethoxym ethy l p ro te c tin g  g ro u p  from com pound (185a)
fu rn is h e d  ( ± )-in te g e rrim in e  (1 7 8 ), w hich was sp e c tro sc o p ic a lly  a n d
ch ro m a to g rap h ica lly  id en tica l w ith  a n a tu ra l  sam ple (Schem e 53). Two
98o th e r  s y n th e s e s  of in te g e rr im in e  h a v e  re c e n tly  a p p e a re d .
I t  is s u rp r is in g  th a t  th e  s y n th e s is  of n a tu ra l  .m acrocyclic 
p y rro liz id in e  a lkalo ids h a s  b een  r e s t r ic te d  to a small n u m b e r of exam ples. 
A f te r  th e  su c c e ss fu l s y n th e s is  of d ic ro ta lin e  (141) in  1981, i t  w as 
a n t ic ip a te d  th a t  th e re  w ould b e  an  exp losion  of e f fo r t  in  th is  a re a .
T h e re  a re  now a wide v a r ie ty  of te c h n iq u e s  ava ilab le  fo r  th e  c o n s tr u c t­
ion of m acrocyclic d ilac to n e s , an d  s y n th e s is  of d if f e re n t  m acrocyclic  
p y rro liz id in e  a lka lo id s is  e x p e c te d  o v e r th e  n e x t  few  y e a r s .
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C h a p te r  6
SYNTHESIS OF OPTICALLY ACTIVE MACROCYCLIC 
PYRROLIZIDINE ALKALOID ANALOGUES
6 .1  In tro d u c tio n
I t  h a s  b e e n  r e p o r te d  th a t  p la ty p h y llin e  (13) is  w idely  u s e d  in  
th e  U .S .S .R .  fo r  th e  tre a tm e n t of h y p e r te n s io n  a n d  in te rn a l u lc e r s .  
P resu m ab ly  th is  p ro v id e s  an  im p o rtan t model fo r  th is  ty p e  of pharm aco l­
ogical a c tiv ity  b e c a u se  p la ty p h y llin e  lack s  th e  h e p a to to x ic ity  norm ally  
a s so c ia te d  w ith  p y rro liz id in e  a lk a lo id s , since  i t  h a s  no 1 , 2 - double b o n d . 
T h u s ,  i t  was d e c id e d  to  p re p a re  a s a tu ra te d  b a s e ,  in  op tica lly  ac tiv e  
fo rm , an d  to s y n th e s is e  a ra n g e  of m acrocyclic d ie s te r s  co n ta in in g  i t .  
T h is  w ould p ro d u c e  novel com pounds w hich cou ld  b e  te s te d  fo r u se fu l 
b io logical a c tiv ity  b y  a pharm aceu tica l com pany. T h e  s t r u c tu r a l  
f e a tu re s  r e q u ir e d  fo r  a n t i-u lc e r  an d  a n t i-h y p e r te n s iv e  a c tiv it ie s  m igh t 
th e n  b e  e s ta b l is h e d . T h is  in v e s tig a tio n  h a d  th e  ad d itio n a l in c e n tiv e  of 
ach iev in g  th e  f i r s t  s y n th e s is  of m acrocyclic d ie s te r s  of a s a tu r a te d  
p y rro liz id in e  b a s e .
T h e  b a se  (2 2 ), (+ )- 6 a -h y d ro x y -  la -h y d ro x y m e th y l-83” 
p y r ro liz id in e , a s t r u c tu r a l  isom er of p la ty n ec in e  (1 2 4 ), w as se le c te d  fo r
th e se  s tu d ie s  b e c a u se  i t  was re a d ily  availab le  v ia a s h o r t  a n d  e ff ic ien t
. 101 r o u te .
T he  s y n th e s is  of a s e r ie s  of 12-m em bered a n d  one 11-m em bered
m acrocyclic  d ie s te r s  of ( 2 2 ) was ach iev ed  em ploying th e  w idely u se d
84C orey-N ico laou  "double  ac tiv a tio n "  m ethod of la c to n isa tio n  (C h a p te r  5 ).
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6 . 2 S y n th e s is  of O p tica lly  A ctive B ase (22)
T he o p tica lly  ac tiv e  b ase  (22) w as p r e p a re d  acc o rd in g  to  th e  
p ro c e d u re  of R ob ins a n d  S a k d a ra t ,  w ith one s l ig h t  m odification .
L -4 -H y d ro x y p ro lin e  (186) was d ifo rm y la ted  u s in g  form ic ac id  
an d  ace tic  a n h y d r id e . T he N ,0 -d ifo rm y l d e r iv a tiv e  (187) th e n  u n d e r ­
w en t a 1 , 3 -d ip o la r  cyc loadd ition  reac tio n  w ith  e th y l p ro p io la te  (188) to  
p ro d u c e  one o p tica lly  ac tiv e  p ro d u c t (189 ). A c h a ra c te r is t ic  AB q u a r te t  
fo r  H -5 a n d  H- 6  of th e  d ih y d ro p y rro liz in e  a p p e a re d  a t  6  6 . 6  ( J  3 Hz) in  
th e  n .m . r .  sp e c tru m , an d  th is  along w ith th e  o th e r  s ig n a ls  a n d  m ass 
s p e c tr a l  d a ta  w ere c o n s is te n t w ith th e  s t r u c tu r e  (1 8 9 ). Rem oval of th e  
O -form yl g ro u p  was a c h ie v e d  b y  s t ir r in g  th e  e s te r  (189) in conc .
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am m onia/m ethanol a ffo rd in g  th e  op tica lly  a c tiv e  alcohol (1 9 0 ). T he  n e x t  
s te p  in v o lv ed  th e  re d u c tio n  of th e  p y rro le  s y s te m . U n fo r tu n a te ly , u se  
of a P d /C  c a ta ly s t ,  as s u g g e s te d  b y  R obins a n d  S a k d a ra t  d id  n o t 
f u rn is h  any  of th e  d e s ire d  p ro d u c t .  H ow ever, w hen th e  h y d ro g e n a tio n  
was c a r r ie d  o u t w ith  a R h /C  c a ta ly s t a t 7 atm a n d  60°C fo r 24h, th e  
c ry s ta l l in e  e s te r  (191) was form ed  in 47% y ie ld . T h is  h y d ro g e n a tio n  
r e s u l te d  in  th e  fo rm ation  of two new  ch ira l c e n tr e s  a t  C - l  a n d  C - 8  of 
th e  p y r ro l iz id in e . T he  c o n fig u ra tio n s  a t th e se  tw o c e n tre s  a re  
c o n tro lle d  b y  th e  h y d ro x y l g ro u p  on C -2 of th e  d ih y d ro p y rro liz in e  (1 9 0 ). 
T h is  d ire c ts  th e  c is  ad d itio n  of h y d ro g e n  from th e  le s s -h in d e re d  $ -fa c e , 
r e s u lt in g  in th e  fo rm ation  of th e  therm odynam ically  le s s  s ta b le  e n d o -e s t e r . 
F in a lly , re d u c tio n  of th e  e s te r  u s in g  lithium  alum inium  h y d r id e  p ro d u c e d  
th e  op tica lly  a c tiv e  diol (22) (Schem e 54). T he  m echanism  fo r  th e  1 ,3 - 
d ip o la r cy c lo ad d itio n  re a c tio n  is  d isc u sse d  a t  th e  e n d  of th e  c h a p te r  
( 6 .5 ) .
6 . 3 S y n th e s is  of 12-M em bered D ilactones
A ra n g e  of 12-m em bered m acrocyclic d ie s te r s  of th e  p y r ro liz i­
d ine diol ( 2 2 ) ,  was c o n s tru c te d  u s in g  s u b s t i tu te d  g lu ta r ic  a n h y d r id e s .  
In it ia l ly , sym m etrica lly  s u b s t i tu te d  g lu ta ric  a n h y d r id e s  w ere  em ployed to 
p ro v id e  th e  d iac id  com ponent, th u s  p re v e n tin g  th e  fo rm ation  of d ia s te re o -  
iso m e rs .
T he  o p tica lly  a c tiv e  diol (22) was d is so lv e d  in  d ry  1 ,2 - 
d im e th o x y e th an e  (DME) a n d  a s e r ie s  of 3 ,3 -d is u b s t i tu te d  g lu ta ric  
a n h y d r id e s  (192a-d ) was a d d e d . In  each e x p e r im e n t, a gum was
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d e p o s ite d  on th e  w alls of th e  re a c tio n  v e s s e l ,  w hich  w as show n to  co n ta in  
a m ix tu re  of 6 -  a n d  9 -m o n o es te rs . T he  d is a p p e a ra n c e  of th e  b a se  was 
m on ito red  b y  th in  la y e r  c h ro m a to g ra p h y . When a sam ple of th is  re a c tio n  
m ix tu re  was a p p lie d  to  a silica gel p la te  e lu te d  w ith  th e  norm al so lv e n t 
sy s te m , (C h a p te r  8 .1 ), th e  m onoester m ix tu re  h a d  an  Rp of 0 .1 .
From  th e  m any lac to n isa tio n  m ethods av a ilab le , th e  C o rey  -  
Nicolaou 11 d o u b le -a c tiv a tio n "  m ethod was c h o se n , as it  h a d  b een  s u c c e s s ­
fu lly  u s e d  in th e  p re p a ra tio n  of o th e r  m acrocyclic p y rro liz id in e  a lka lo id s  
(C h a p te r  5 ) . T h e re fo re , th e  p y r id in e - 2 -th io le s te rs  (193a-d) w ere  
p r e p a re d  by  s t i r r in g  each m onoester w ith  1  ^ e q u iv a le n ts  ,of 2 , 2 ' - d i th io -  
d ip y rid in e  (130) an d  l i  e q u iv a le n ts  of tr ip h e n y lp h o sp h in e  (1 3 1 ).
T y p ic a lly , th e  Rp value of th e  th io le s te rs  w as 0 .65 .
L ac to n isa tio n  was finally  e ffe c te d  u n d e r  h ig h  d ilu tio n  c o n d itio n s . 
T h e  so lu tio n s  of th io le s te rs  w ere ad d e d  d ropw ise  to  re f lu x in g  DME a n d  
th e  r e s u l ta n t  so lu tion  was h e a te d  a t re f lu x  fo r  a f u r th e r  fo u r  d a y s . A 
h ig h  d ilu tion  te c h n iq u e  in h ib ite d  any  in te rm o le c u la r  re a c tio n s , w hich may 
h av e  le d  to th e  form ation of d ilid es .
T he  p ro d u c t m ix tu re  was su b je c te d  to an a c id /b a se  re c y c le  
to  rem ove m ost of th e  th io p y rid o n e  (196) a n d  tr ip h e n y lp h o sp h in e  ox ide 
(1 9 5 ). F in a lly , p re p a ra t iv e  th in  la y e r  ch ro m a to g rap h y  w as n e c e s s a ry  to 
o b ta in  p u re  sam ples of th e  op tica lly  a c tiv e  d ilac to n es  (194a-d) (Schem e 55). 
T ab le  7 show s th e  y ie ld s  of m acrocyclic d ie s te r s  fo rm ed .
I t  w as o b se rv e d  th a t  d ilac to n es  (1 9 4 b -d ) w ere  fo rm ed  f a s te r
th a n  d ie s te r  ( 1 94a). T he r a te s  of su ch  cy c lisa tio n s  d ep en d  upon  two 
102f a c to r s .  F i r s t ly ,  th e  atom s a t th e  e n d  of th e  chain  h av e  to  come
w ith in  re a c tin g  d is ta n c e  (e n tro p y  f a c to r ) .  S eco n d ly , s te r ic  an d  s te re o -
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e le c tro n ic  in te ra c tio n s  may h in d e r  r in g  c lo su re  w hen th e  two e n d s  m eet 
(e n th a lp y  f a c to r ) .  T h u s , s u b s t i tu e n ts  a t  th e  3 -p o sitio n s  of th e  g lu ta r ic  
a n h y d r id e  re d u c e  th e  e n tro p y  e ffe c t b e c a u se  th e y  r e s t r ic t  th e  n u m b e r of 
ro ta tio n a l d e g re e s  of freedom  of th e  th io le s te r  c h a in s , th e re b y  p rom oting  
an e ff ic ie n t in tram o lecu la r p ro c e s s .
T he n .m .r .  s p e c tra  of th e  d ilac to n es  (194a-d) in  d e u te r io -  
ch loroform  co n ta in ed  some common d ia g n o stic  fe a tu re s .  When th e  C - 6  
a n d  C -9  h y d ro x y l g ro u p s  of th e  b a se  ( 2 2 ) w ere  n o t e s te r i f ie d , th e  
p ro to n s  a t ta c h e d  to  th o se  ca rb in o l c a rb o n s  gave  r is e  to  a q u in te t  a t  6  4 .33 
a n d  a d o u b le t a t  6  3 .65 , r e s p e c t iv e ly . On e s te r i f ic a t io n „ th e  p ro to n s  
a s s ig n e d  to C - 6  sh if te d  dow nfield  b y  czi. 0 .7  p .p .m .  an d  a p p e a re d  as  a 
t r ip le t .  A d d itio n a lly , b o th  of th e  C -9 p ro to n s  of th e  b a se  s h if te d  
dow nfield  on e s te r if ic a tio n , an d  each  a p p e a re d  as a doub le t of d o u b le ts  
s in ce  th e y  w ere p a r t  of an ABX sy stem . T he  d iffe re n ce  in  chem ical 
s h if t  of th o se  two p ro to n s  was 0.75 p .p .m .  F u r th e rm o re , fo r  d ilac to n e s  
(1 9 4 b -d ) ,  an  AB q u a r te t  was e v id e n t fo r  th e  C-12 an d  C -14 p ro to n s . 
F ig u re  18 show s th e  n .m .r .  sp ec tru m  of ( 1 9 4 d ).
T he in f r a - r e d  s p e c tra  of th e  m acrocycles d isp la y e d  a b s o rp tio n  
p e a k s  a t  ca . 1735 cm  ^ c o rre sp o n d in g  to  th e  s a tu r a te d  e s te r  c a rb o n y ls . 
T h e re  w ere no s ig n a ls  in  th e  i . r .  s p e c tra  d u e  to  ca rb o x y lic  ac id s  o r 
h y d ro x y l g ro u p s . C o rre c t a c c u ra te  m ass m easu rem en ts  w ere  o b ta in e d  
fo r  each  m acrocyclic p ro d u c t. A n a ly s is  of th e  m ass s p e c tra  re v e a le d  
th a t  each  show ed a m olecular ion an d  th a t  each  h a d  sim ilar f rag m e n ta tio n  
p a t te r n s  w ith  major frag m e n ts  a t  m /z 138, 122, 108, 82, 81 a n d  80.
Schem e 56 show s a possib le  frag m e n ta tio n  p a t te r n .
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T he com bination of m ass s p e c tr a l  d a ta , i . r .  d a ta  a n d  th e  
d is tin c tiv e  s ig n a ls  in th e  n . m . r .  s p e c tr a  was ex ce llen t e v id en ce  fo r 
th e  form ation  of 1 2 -m em bered  m acrocyclic  d ie s te rs  of th e  d io l ( 2 2 ) .
When th e  op tica lly  ac tiv e  b a se  (22) was t r e a te d  w ith  2 ,2 -  
d im e th y lg lu ta ric  a n h y d r id e  (1 9 7 ), s u b s e q u e n t la c to n isa tio n  y ie ld e d  one 
p ro d u c t  as  an oil, in  low y ie ld  (10%). An a c c u ra te  m ass m e asu rem en t 
on th e  oil gave  th e  m olecular form ula an<^ a n a ly s is  ° f  i ts
n . m . r .  an d  m ass s p e c tra  s u g g e s te d  th a t  it h ad  one of two s t r u c t u r e s ,  
(198a) o r (198b). A ssum ing th a t  th e  in itia l s te p  of th is  re a c tio n  is  
th e  a t ta c k  of th e  p rim ary  alcohol of th e  b ase  on th e  a n h y d r id e ,  s te r ic  
c o n s id e ra tio n s  w ould s u g g e s t  th a t  C -5  of 2, 2 -d im e th y lg lu ta ric  a n h y d r id e  
is  p re fe re n t ia l ly  a t ta c k e d . If  th e  o th e r  ca rb o n y l ( C - l )  is  a t ta c k e d ,  th e n  
th e  s te r ic  congestion  d ev e lo p ed  in  th e  tra n s i tio n  s ta te  may b e  too s e v e re .  
T h is  w ould invo lve th e  form ation  of a b u lk y  te tra h e d ra l  in te rm e d ia te  n e x t  
to  a c a rb o n  b e a rin g  two m ethy l g ro u p s .  T h u s , it is lik e ly  th a t  th e  oil 
h a s  s t r u c tu r e  (1 9 8 b ). An X -ra y  c ry s ta l  s t r u c tu re  a n a ly s is  w ould h av e  
re v e a le d  th e  s t r u c tu r e  b u t  a tte m p ts  a t  c ry s ta llis in g  th e  oil m et w ith  
fa ilu re .
F ina lly , it  was d ec id ed  to  p re p a re  d ilac tones (199) w ith
s u b s t i tu e n ts  on th e  a -p o s itio n s  of th e  d iac id  p o rtio n s . T h is  c re a te s
s te r ic  h in d ra n c e  a ro u n d  th e  e s te r  g ro u p s  w hich is b e liev ed  to  re d u c e  th e
like lihood  of rem oval of th e  b io logical a c tiv ity  of th e se  com pounds b y  
22h y d ro ly s is .  T h e re fo re , th e  o p tica lly  ac tiv e  diol (22) w as t r e a te d  w ith
m e so - 2 , 4 -d im e th y lg lu ta ric  a n h y d r id e  ( 2 0 0 ) an d  th e  r e s u l ta n t  m o n o este rs
w ere  la c to n ised  via th e  p y r id in e - 2 - th io le s te r s  to g ive a 1 : 1  m ix tu re  of
13d ia s te reo iso m e rs , as seen  b y  C n . m . r .  sp e c tro sc o p y . T h e  h ig h
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re so lu tio n  m ass sp e c tru m  of th e  m ix tu re  d isp la y ed  th e  c h a ra c te r is t ic
fra g m e n ta tio n  p a t te r n  a n d  a m olecular ion c o rre sp o n d in g  to  C i 5 h 2 3 n ° 4 .
T h e  i . r .  sp ec tru m  of th e  d ilac to n es  (199) c o n ta in ed  c a rb o n y l a b so rp tio n s
(c a . 1730 cm H c o n s is te n t w ith  th e  p re se n c e  of s a tu r a te d  e s te r s .  B u t
th e  Hi n .m . r .  sp ec tru m  of th e  m ix tu re  was com plicated  ow ing to th e
doub ling  of p e a k s .
An a tte m p t a t p ro d u c in g  th e  d ilac tone  (194a) in  a h ig h e r  y ie ld ,
w as made u s in g  2, 2l-d ith io b is (  4 -t e r t - b u ty l-  1 -isopropylim idazo le) (201)
in s te a d  of 2, 2 '-d ith io d ip y r id in e  (1 3 0 ). I t  h a s  b een  r e p o r te d  th a t
im idazole th io le s te r s ,  su ch  as ( 2 0 2 ) ,  a re  more re a c tiv e  (_oa. 1 0 0  tim es)
103th a n  th e  c o rre sp o n d in g  p y r id in e  a n a lo g u e s , an d  h ig h  y ie ld s  of p ro d u c ts  
a re  u su a lly  o b ta in e d . In  th is  in s ta n c e , i t  was fo u n d  th a t  th e  e s te r i f i ­
ca tion  d id  go f a s te r  w ith  th is  m odification ( t . l . c .  d a ta ) ,  b u t  th e  p ro d u c t  
y ie ld  d id  n o t s ig n if ic a n tly  im prove . F u r th e rm o re , p u r if ic a tio n  of th e  
fin a l p ro d u c t was m ore d iff ic u lt, b eca u se  of th e  b y -p ro d u c ts  of th e  
r e a c t io n .
6 .4  S y n th e s is  of an  11-M em bered D ilactone
When (+) - 6 a -h y d ro x y - la -h y d ro x y m e th y l- 8 $ -p y rro liz id in e  
(22) was re a c te d  w ith  su cc in ic  a n h y d r id e  (203) in  d ry  DME, th e  c o r r e s ­
p o n d in g  C - 6  a n d  C -9  zw itterion ic  m onoesters  p re c ip i ta te d .  L ac to n isa tio n  
of th is  m ix tu re  of m o n o este rs  was c a r r ie d  o u t u s in g  th e  C orey-N ico laou  
m ethod  w ith  2 ,2!-d ith io d ip y r id in e  (130) an d  tr ip h e n y lp h o sp h in e  (1 3 1 ). 
E x tra c tio n  of th e  b a s if ie d  re a c tio n  m ix tu re  w ith ch lo roform  gave  th e  
su c c in a te  d ie s te r  (204) .
1197)
0 - -
(198a) (198 b)
( 200)
only o n e  1 
e n a n t io m e r  O - -  
sh o w n
0- -
(199 a)
( 202 )( 201)
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(203)
T he i . r .  sp e c tru m  of (204) show ed th e  s a tu r a te d  e s te r  
c a rb o n y ls  a t  1745 cm H igh re so lu tio n  m ass sp e c tro m e try  ex h ib ite d  a
frag m en ta tio n  p a t te r n  sim ilar to  th a t  o b ta in e d  w ith  th e  1 2 -m em bered  
d ie s te r s .  T he m ost im p o rtan t fe a tu re  in th e  n .m . r .  sp ec tru m  of (204) 
w as th e  AB p a r t  of th e  ABX system  a t  6  3 .90 a n d  4 .7 2 , d u e  to th e ’ two 
d ia s te reo to p ic  p ro to n s  a t  C -9  (F ig u re  19) .
■^H N .m .r .  sp ec tro sco p ic  d a ta  can be  u s e d  to  ev a lu a te  conform ­
a tio n s  of m acrocyclic p y rro liz id in e  a lka lo id s  in o rg an ic  so lu tio n  (se e  
C h a p te r  1 .4 ) .  In  p a r t ic u la r ,  th e  m agnetic n o n -e q u iv a le n c e  of th e  C -9 
(A 6H -9) d ia s te reo to p ic  p ro to n s  of th e  d ilac to n es  is  in d ic a tiv e  of th e  
conform ation a d o p te d  b y  th e  m acrocycle in  o rg an ic  so lu tio n , as  d isc u sse d  
in  C h a p te r  1. T h u s ,  i t  a p p e a rs  p o ssib le  from T ab le  8 , th a t  th e  12- 
m em bered m acrocycles ( 194a-d) ad o p t d if fe re n t con fo rm ations in  o rgan ic  
so lu tion  from th e  11-m em bered d ilac tone  (2 0 4 ). U n fo r tu n a te ly , th is  
p re d ic tio n  could  n o t b e  v e r if ie d  b y  X_ra y  c ry s ta l lo g ra p h y .
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T ab le  8
12-M em bered D ilactone A 6H -9
(194a) g lu ta ra te  0 .47
(194b) 3 ,3 - d im ethy l g |u lta ra te  0 .45
(194c) 3 ,3 - t e t r  am e th y le n e  g lu ta ra te  0 .40
(194d) 3 ,3 -p e n ta m e th y le n e g lu ta ra te  0 .39
11-M em bered D ilactone
(204) s u c c in a te  0 .82
6 . 5 T he 1 ,3 -D ip o la r C ycloaddition  R eac tion
T he k ey  re a c tio n  in th e  s y n th e s is  of th e  p y rro liz id in e  b ase
(22) d e s c r ib e d  in  th is  c h a p te r  was th e  1 ,3 -d ip o la r  cy c lo ad d itio n . I t
is  th e  g re a t  s t r u c tu r a l  v a r ie ty  of b o th  1 ,3 -d ip o le s  a n d  d ip o la ro p h ile s
th a t  m akes 1 ,3 -d ip o la r  cycloadd itions v e ry  v a lu ab le  a n d  v e rs a ti le  in
104h e te ro cy c lic  s y n th e s is .  H u isgen , in  1961, was th e  f i r s t  to 
re c o g n ise  fu lly  th e  g en e ra l concep t a n d  scope  of 1 ,3 -d ip o la r  cyclo­
a d d itio n s . A 1 ,3 -d ip o le  is  b asica lly  a sy stem  of th r e e  atom s am ongst 
w hich a re  d is tr ib u te d  fo u r TT-electrons as in an ally l an ion  sy stem .
T he th re e  atom s can  b e  a wide v a r ie ty  of com binations of C , O , N, 
a n d  o th e r  h e te ro a to m s.
H u isgen  a n d  o th e rs  h av e  sy stem a tica lly  s tu d ie d  th e  m echanism  
of 1 ,3 -d ip o la r  cy c lo ad d itio n s . In  m ost c a s e s ,  th e  e v id e n c e , like  th a t  
fo r  th e  D ie ls-A ld e r re a c tio n , p o in ts  to  a c o n c e r te d  re a c tio n  in line
152:.
105w ith  o rb ita l sy m m etry  c o n s id e ra tio n s . Schem e 57 show s a p o s tu la te d  
m echanism  of th e  re a c tio n  betw een  th e  m ixed a n h y d r id e  (205) a n d  e th y l 
p ro p io la te  (1 8 8 ).
1205)
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F ro n tie r  M olecular O rb ita l (FMO) th e o ry  is  u se d  to  exp lain
re g io s e le c tiv ity  in  1 ,3 -d ip o la r  cy c lo ad d itio n s . E sse n tia lly  th is  a tte m p ts
to  p r e d ic t  th e  e n e rg y  ch an g e s  w hen two re a g e n ts  a p p ro a c h , i . e . ,  th e
in te ra c t io n  of th e  HOMO of one com ponent w ith  th e  LUMO of a n o th e r ,
le ad in g  to  b o n d  fo rm ation . [HOMO an d  LUMO r e f e r  to  h ig h e s t o ccu p ied
m olecu lar o rb ita l  a n d  low est u n o ccu p ied  m olecular o rb ita l ,  re s p e c tiv e ly ]  .
T h u s , i t  is  n e c e s s a ry  to  know w h e th e r  a p a r t ic u la r  re a c tio n  b e in g  looked
a t  h a s  a sm alle r se p a ra tio n  betw een  th e  HOMO (d ipo le) an d  th e  LUMO
(d ip o la ro p h ile ) w hich  will be  common fo r e le c tro n -d e f ic ie n t d ip o la ro p h ile s  o r ,
b e tw een  th e  LUMO (d ipo le) an d  HOMO (d ip o la ro p h ile ) , a s  will b e  common
fo r  e le c tro n - r ic h  d ip o la r op h iles . T he fo rm er is  ca lled  a dipole-HOMO
c o n tro lle d  re a c tio n  an d  th e  la t te r  a dipole-LUMO co n tro lled  re a c tio n . If
b o th  f r o n t ie r  o rb ita l in te ra c tio n s  a re  la rg e  th e n  th is  is c la ss ified  as a
HOMO-LUMO c o n tro lle d  re a c tio n . T ab les  of d a ta  p ro v id e  th e  e n e rg ie s
of th e  HOMO's a n d  LUMO's of d ipoles an d  of d ip o la ro p h ile s , m aking it
p o ssib le  to  e v a lu a te  w h e th e r  a reac tio n  is  Dipole-HOM O, HOMO-LUMO o r
106Dipole-LUMO c o n tro lle d . B u t many re a c tio n s  a re  n o t c a r r ie d  o u t on
'sim ple ' u n s u b s t i tu te d  d ipoles an d  d ip o la ro p h ile s , th e re fo re  th e  e ffe c ts
of s u b s t i tu e n ts  h av e  also  go t to b e  c o n s id e re d .
O nce th e  im p o rtan t in te ra c tio n  h a s  b een  e s ta b lish e d , th e
co e ffic ien ts  of th e  re le v a n t o rb ita ls  a re  a s s e s s e d .  R eg io se lec tiv ity  th e n
107follows b y  allow ing la rg e - la rg e /sm a ll-sm a ll in te ra c t io n s  to  p red o m in a te .
Now th e  reac tio n  of N -fo rm y lp ro line  (187) w ith e th y l p ro p io -  
la te  will b e  d is c u s s e d .
To b e g in  w ith , th e  dom inant f ro n t ie r  o rb ita l in te ra c tio n  h a s  to  
be  c la ss if ie d . T he  dipole in th is  case  is  th e  azom eth ine y lide  a n d  th e
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d ip o la ro p h ile , e th y l p ro p io la te . U n fo r tu n a te ly , th e r e  is  v e ry  li t t le
ex p erim en ta l d a ta  on o rb ita l en e rg ie s  of s u b s t i tu te d  H 2 C=NHCH 2  sp e c ie s .
H ow ever, c a lcu la tio n s  h av e  shown th a t  e le c tro n -w ith d ra w in g  g ro u p s  su ch
as  th e  c a rb o n y lo x y  s u b s t i tu e n t  r e s u l t  in  a lo w ering  of th e  LUMO an d  a
le s s e r  low ering  of th e  HOMO o rb ita l e n e rg ie s . F ig u re  20 show s th e
ap p ro x im ate  e n e rg ie s  of th e  f ro n tie r  m olecular o rb ita ls  of th e  oxazolone 
108(2 0 6 ). P h o to -e le c tro n  sp ec tro sco p y  h a s  show n th a t  th e  HOMO level
of an  a lk y n e  is  0 .4  to  0 .9  eV low er th a n  th a t  of th e  c o rre sp o n d in g
a lk en e . On th e  o th e r  h a n d , th e  LUMO is n o t r a is e d  fo r  a lk y n e s
107re la tiv e  to a lk e n e s , a s  de te rm in ed  b y  u . v .  s p e c tro s c o p y . T he
ap p ro x im ate  e n e rg ie s  of e th y l p ro p io la te  ( th e  d ip o la ro p h ile  w ith  an 
e le c tro n  w ith d raw in g  s u b s t i tu e n t)  a re  show n in  F ig u re  20. T h u s , i t  can 
b e  seen  th a t  th is  cyc lo ad d itio n  is  a dipole-HOMO c o n tro lle d  re a c tio n .
+
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T h e  co e ffic ien ts  of th e  atomic o rb ita ls  s tro n g ly  in flu en ce
re g io se le c tiv ity  in 1 ,3 -d ip o la r c y c lo a d d itio n s . H ow ever, v e ry  few d a ta
a re  av a ilab le  in  th is  r e s p e c t ,  w hich  can  lead  to some u n c e r ta in ty  in
re a s o n in g . C alcu la tions have  show n th a t  th e  HOMO an d  LUMO of an
a lk en e  o r a lk y n e  w ith  an e le c tro n -w ith d ra w in g  s u b s t i tu e n t  a t ta c h e d  a t  one
107e n d  h a v e  th e  la rg e s t  coeffic ien ts  a t  th e  o p p o site  end  (F ig u re  21)
T he  HOMO in a 1 ,3 -d ipo le  h as  th e  la rg e s t  co effic ien t on th e  anionic
c a rb o n , b u t  w hen th e  dipole co n ta in s  a c e n tra l  n itro g e n  atom , b o th  e n d s
of th e  d ipole b e a r  su b s ta n tia l n e g a tiv e  c h a rg e s ,  [ -0 .1 4  to  -0 .2 1  fo r  th e
'n e u tr a l ' c a rb o n  atom , -0 .2 0  to -0 .4 0  fo r  th e  an ionic ca rb o n  atom a n d
108+0.23 to  +0.47 eV fo r th e  c e n tra l n it ro g e n  a tom ].
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T h u s ,  i t  is  a p p a r e n t  th a t  th e  normal in te ra c t io n  of su ch  a 1 ,3 -d ipo le  
w ith an  e le c t ro n -d e f ic ie n t  a lkene or a lk y n e  in a dipole-HOMO c o n tro l led  
r e a c t io n  w ould  be  fo r  th e  anionic c a rb o n  o rb i ta l  to over lap  with the  
u n s u b s t i t u t e d  en d  of th e  alkene or a lk y n e  (F ig u re  21). T h is  r e a so n in g  
s u g g e s t s  th e  oppos ite  reg io ch em is try  to th a t  o b s e rv e d  in  th e  cyc loadd it ion  
r e a c t io n .  One p oss ib le  exp lanation  fo r  th is  co n tra d ic t io n  is th a t  th e  
c a rb o n y lo x y  s u b s t i tu e n t  h as  a c ruc ia l  e f fe c t  in  determ in ing  th e  re g io ­
s e le c t iv i ty .  T he  ca rb o n y l m ust low er th e  coeff ic ien t a t  the  anionic 
c a rb o n  e n d  of th e  d ipo le ,  w hereas  th e  o x y g e n  atom a t ta c h e d  to  th e  
n e u t r a l  c a rb o n  atom m ust in c re a se  th e  coeff ic ien t a t  th a t  s i te  in the  HOMO. 
C o n s e q u e n t ly ,  th e  over lap  o ccu rs  a t  th e  u n s u b s t i t u t e d  end  of th e  a lk y n e  
w ith th e  n e u t r a l  c a rb o n  of the  oxazolone (206) to give th e  re g io se le c t iv i ty  
o b ta in e d .
T h e  re g io se le c t iv i ty  of th is  cyc loadd it ion  might h a v e  b een  
e a s ie r  to  u n d e r s t a n d  if  su ff ic ien t d a ta  h a d  b e e n  available  on th e  atomic 
o rb i ta l  coe ff ic ien ts  of s u b s t i tu t e d  1 ,3 -d ip o le s .
6 . 6  C onclusions
A s e r ie s  of 12-membered m acrocyclic  d ie s te r s  of ( + ) - 6 a - h y d r o x y -  
la -h y d ro x y m e th y l -8 |3 -p y rro l iz id in e  (22) h a s  b een  s y n th e s is e d ,  along w ith  
one 11-m em bered alkaloid  analogue , em ploying th e  Corey-N icolaou  re a c t io n .  
T h is  m ethod  h a d  two major d ra w b a c k s .  F i r s t ly ,  th e re  was d iff icu lty  in  
rem oving  all t r a c e s  of th e  b y - p r o d u c t s ,  t r ip h e n y lp h o s p h in e  oxide (195)* 
a n d  th io p y r id o n e  (196). Secondly , a n d  more im p o r tan t ly ,  th e  d ilac tones  
w ere  fo rm ed  in low to m odest y ie ld s .  T h is  may be  p a r t ly  a t t r i b u t e d  to
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th e  in s ta b i l i ty  of th e  cyc l ised  p r o d u c t s  to w a rd s  th e  cond it ions  in v o lv ed  
in  th e  p u r if ica t io n  p ro c e d u re .  T he  a c id /b a s e  w o rk -u p  may h a v e  
r e s u l t e d  in th e  p a r t ia l  h y d ro ly s is  of th e  d ie s t e r s .  N e v e r th e le s s ,  th e  
w ork  d e s c r ib e d  h e r e  h a s  la id  th e  fo u n d a tio n  fo r  a more e f f ic ien t  a n d  h ig h  
y ie ld in g  s y n th e s is  of th e  m acrocycles,  which will be  n e c e s s a ry  to  s tu d y  
s t r u c t u r e - a c t i v i t y  r e la t io n s h ip s .
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C h a p te r  7
PYRROLIZIDINE ALKALOIDS FROM LINDELOFIA LONGIFLORA 
AND CYNOGLOSSUM MACROSTYLUM
7.1  In t ro d u c t io n
An in v e s t ig a t io n  in to  th e  p y r ro l iz id in e  alkaloid c o n te n t  of two
p l a n t s ,  L indelofia  long iflo ra  a n d  C ynoglossum  m acrostylum  was c o n d u c te d .
B o th  sp ec ie s  be long  to th e  B orag inaceae  family. A lthough  th i s  family
c o n ta in s  th e  l a r g e s t  num ber  of d i f f e re n t  g e n e ra  shown to con ta in
p y r ro l iz id in e  a lka lo id s ,  v e ry  few p la n t  sp ec ie s  of each g en u s  h a v e  b e e n
s tu d i e d .  In  f a c t ,  only ten  spec ies  of th e  Lindelofia an d  C ynog lossum
2g e n e ra  h a v e  b een  exam ined . We th e re fo re  d ec ided  to in v e s t ig a te  th e  
a lkalo idal c o n te n t  of spec ies  from th e se  g e n e ra .  As in many s tu d ie s  on 
th e  p y r ro l iz id in e  a lkaloids p r e s e n t  in p la n ts ,  chemotaxonomic r e la t io n ­
sh ip s  w ere  e x p e c te d  to be  of value  in a r r iv in g  a t  the  s t r u c t u r e s  fo r  th e  
a lk a lo id s .  I t  is known th a t  th e  majority  of Lindelofia an d  C ynog lossum  
sp e c ie s  w hich h a v e  been  s tu d ie d  con ta in  p y r ro l iz id in e  alkaloids w hich  
a r e  m o n o e s te rs  of h e l io tr id ine  (207),  iso re t ro n e can o l  (51b) o r  t r a c h e la n -  
tham id ine  (5 1 a ) .  The e s te r i fy in g  ac id  is commonly v ir id if lo r ic  ac id  (208).
(207) (51b) (51a)
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7 .2  E x t ra c t io n  of Lindelofia long iflo ra
Lindelofia long if lo ra  p la n ts  w ere  o b ta in e d  from th e  E d in b u rg h  
B o tan ic  G a rd e n .  T h e y  w ere g row n in th e  open g r o u n d  a n d  h a r v e s t e d  
w hen f low ering . T he  f r e s h  p la n t  m ateria l was e x t r a c te d  w ith  m ethano l,  
a n d  th e  e x t r a c t ,  a f te r  c o n c e n tra t io n ,  was ta k e n  u p  in  d ilu te  s u lp h u r ic  
a c id .  T he  acid  so lu tion ,  a f te r  be ing  w ashed  with d ich lo ro m eth an e ,  w as 
s t i r r e d  with zinc pow der  to re d u c e  an y  N -o x id es ,  f i l t e r e d ,  a n d  b a s i f ie d .  
T h e  b as ic  so lution  was e x t ra c te d  w ith  d ich lo rom ethane  to g ive  one 
a lka lo id  in  0 . 1 % y ie ld ,  b a s e d  on th e  d ry  w eigh t of p la n t  m a te r ia l .
7. 3 Iden tif ica tio n  of E ch ina tine  (123)
A chrom atogram  of th e  a lkaloid  gave  a p o s it iv e  r e s u l t  ( i . e .
p u r p le  spo t)  when s p r a y e d  with o -ch lo ran il  followed b y  E h r l ic h 's  
68r e a g e n t ,  in d ica tin g  th e  p re s e n c e  of 1 ,2 -u n s a tu r a t i o n .  T he  i . r .  s p e c t ru m
e x h ib i te d  an  a b so rp t io n  a t  1728 cm  ^ due  to  an a fB -unsa tu ra ted  e s t e r
s y s te m .  High reso lu t io n  mass s p e c tro m e try  a n d  a n a ly tic a l  da ta
e s ta b l i s h e d  th e  molecular formula of th e  a lkaloid  as  C , cH ol-NOc .15 25 5
S ev e ra l  p y r ro l iz id in e  a lkaloids h a v e  th is  molecular fo rm ula , b u t  a f te r
1 13c o n s id e ra t io n  of th e  H an d  C s p ec tro sco p ic  da ta  of th e  a lkalo id , i t
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w as co n c lu d ed  th a t  the  most l ike ly  s t r u c t u r e  was ech in a tin e  (123) .
T he  n . m . r .  sp e c tru m  of th e  alkaloid  (F ig u re  22), r u n  in  
d e u te r io c h lo ro fo rm , d isp lays  an  AB q u a r te t  a t  6  4 .79 a n d  4 .96 ( J  13.4 Hz) 
fo r  th e  C -9  d ias te reo top ic  p ro to n s .  T he  v iny l p ro to n  a t  C -2  a p p e a r s  a s  
a b r o a d  s in g le t  a t  6  5 .70. T he  p ro to n  a t  C -7  is  coupled  to th e  two C - 6  
p r o to n s ,  g iv ing  r ise  to a t r i p le t ,  a n d  th is  in t u r n  is  sp li t  b y  th e  C - 8  
p r o to n ,  th e re b y  p ro d u c in g  a d o u b le t  of t r ip le t s  c e n t r e d  a t  6  4 .1 5 .  T h e  
C -15  p ro to n  is coup led  to th e  two n o n -e q u iv a le n t  m ethyl g ro u p  p ro to n s  
a t  C-16 an d  C -17, g e n e ra t in g  a d o u b le t  of q u a r t e t s  a t  6  2.18 ( J  6 . 8  H z ) .  
T h e  p ro to n s  of the  two methyl g ro u p s  a re  coup led  to th e 'C - 1 5  p r o to n ,  
p ro d u c in g  two doub le ts  a t  6  0 .89 a n d  0.93 (J  6 . 8  H z) .  C oupling  of th e  
C-13 p ro to n  to the  C-14 m ethy l g ro u p  p ro to n s  r e s u l t s  in a q u a r t e t  a t  
6  3.99 ( J  6 . 6  Hz) a n d  coupling of th e  C-14 m ethyl g ro u p  p ro to n s  w ith
th e  C-13  p ro to n  g ives  r is e  to a doub le t a t  6  1.27 ( J  6 . 6  H z) .
13The C n . m . r .  sp ec tru m  of th e  alkaloid  was a s s ig n e d  on th e  
b a s is  of a DEPT exp er im en t an d  good ag ree m en t  with th e  d a ta  p u b l i s h e d  
fo r  e c h i n a t i n e w a s  o b ta in ed .
The m ass spec trum  of th e  alkaloid co n ta in ed  a m olecular ion  a t  
m /z  299. T he b ase  peak  was a t  m/z 138, r e s u l t in g  from fiss ion  of th e  
allylic e s te r  of th e  alkaloid. F rag m en t ions a t  m/ z  137 a n d  93 w ere  also  
i n t e n s e .  T he  form er was p ro d u c e d  a f t e r  a M cLafferty  r e a r r a n g e m e n t  
a n d  lo ss  of th e  v ir id if lo ric  ac id  (208) p o r t io n  th a t  h a d  e s te r i f ie d  C -9 .  
Schem e 58 shows a p ro b ab le  f rag m en ta t io n  p a th w ay .
F ina lly ,  the  s t r u c t u r e  of th e  alkaloid was confirm ed  b y  
1 13com parison  of th e  i . r . ,  H a n d  C n . m . r .  s p e c t r a  a n d  mass s p e c tru m
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w ith an  a u th e n tic  sample of ech in a tin e ,  iso la ted  b y  D .B .  H agan  from 
Cynoglossum  o ff ic in a le .
T he  f i r s t  iso la tion of ech ina tine  (123) was from R in d e ra  
ech in a ta  Re gel in  1953, b y  M en 'sh ikov an d  D enisova . I t s  s t r u c t u r e
was e s ta b l ish e d  b y  th e  same g ro u p  of w o rk e rs .
7 .4  Ex tra c t io n  of C ynoglossum  macrostylum
C ynoglossum  m acrosty lum  was grow n from se e d s  s u p p l ie d  b y  
th e  E d in b u rg h  B otanic  G a rd e n ,  in the  open g ro u n d ,  a n d  th e  p la n ts  w ere 
h a r v e s te d  when r e d  flow ers  f i r s t  a p p e a re d .  F r e s h  p la n t  m ateria l was 
e x t r a c te d  employing th e  m ethod  de ta i led  in  7 .2 .  A c ru d e  a lka lo id  
m ix tu re  was o b ta in e d  in 0 . 1 % yie ld ,  b a se d  on th e  d ry  w e ig h t of p la n t  
m a te r ia l .  An exam ination of th e  m ix tu re  b y  t . l . c .  show ed t h r e e  b a n d s .  
T he com ponent of low est Rp was p r e s e n t  in th e  g r e a t e s t  am oun t.  
S epara t ion  of th e s e  a lka lo ids  was accom plished b y  column c h ro m a to g ra p h y  
on basic  alumina.
7. 5 Iden tif ica tion  of H eliosupine (84)
T he  alkaloid  which was ob ta ined  from th e  middle b a n d  on
c h ro m a to g ra p h y ,  was show n to contain  1 , 2 - u n s a tu ra t io n  w hen  t r e a t e d
68with o -ch lo ran il  followed b y  E h r l ic h 's  r e a g e n t .  T he  i . r .  sp ec tru m  
in d ica te d  an a3- u n s a tu r a t e d  e s te r  system  a t  1730 cm T he  a b s o rp t io n
due  to the  c a rb o n -c a rb o n  double  b ond  of th e  a 3 ~ u n s a tu r a te d  e s t e r  system
- 1  1  13 was a t  1650 cm . A f te r  exam ination of th e  H a n d  C n . m . r .  s p e c t r o ­
scopic da ta  of th e  a lkalo id , i t  was ded u ced  th a t  th is  com ponent of th e
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m ix tu re  was h e l io sup ine  (84 ) .
The n . m . r .  sp ec tru m  of th e  alkaloid r u n  in d e u te r io c h lo ro -
form is similar to  t h a t  p u b l i sh e d  fo r  h e l i o s u p i n e ( F i g u r e  23). T h u s ,
an  eas ily  reco g n isa b le  AB a t  6  4 .89 a n d  5.05 ( J  13.1 Hz) i s  d u e
to  th e  n o n -e q u iv a le n t  C -9  p ro to n s .  S ince th e  chemical s h i f t  d i f fe re n c e
b e tw ee n  th e se  two p ro to n s  does n o t ex ceed  0 .4  p . p . m . ,  th i s  is  good
ev id en ce  th a t  th e  a lkalo id  does n o t  con ta in  a m acrocyclic s y s te m .^  A
d is to r t e d  t r ip le t  c e n t r e d  a t  6  5.23 is  due  to acy la tion  of th e  h y d r o x y
g ro u p  a t  C -7 . T he  b r o a d  s in g le t  c e n t r e d  a t  6  5.90 is  a s s ig n e d  to th e
v in y l  p ro to n  a t  C -2 .  T he  p ro to n s  be long ing  to the  two m ethyl g ro u p s
a t  C-16 an d  C-17 g ive  r i s e  to a six  p ro to n  s in g le t  a t  6 1 .2 4 .  A q u a r t e t
a t  6  4 .18 , a s so c ia ted  w ith  th e  p ro to n  a t  C -13 , a r is e s  from coupling  with
th e  ad jacen t  p ro to n s  of th e  methyl g ro u p  a t  C-14. C o n v e rs e ly ,  th e
m ethy l g roup  p ro to n s  a t  C-14 couple with th e  s ing le  p ro to n  a t  C-13 an d
p ro d u c e  a doub le t c e n t r e d  a t  61 .28 . A th r e e  p ro to n  s in g le t  a t  61 .85
is  d u e  to the  m ethyl g ro u p  a t  C -23. A doub le t  a t  6  1.95 is  a c o n seq u en c e
of th e  coupling of th e  C-22  methyl g ro u p  p ro to n s  to the  olefihic p ro to n  a t
C -21 . F inally , th e  d o u b le t  of q u a r t e t s  a t  6  6.12 a r i s e s  from th e  olefinic
p ro to n  a t  C-21 coupling  to th e  C-22 an d  C-23 methyl g ro u p  p ro to n s .
T h e  complicated s ig n a ls  a t  6  2 .90 -4 .35  a r e  due to th e  m e thy lene  p ro to n s
a t  C -3 ,  C-5 an d  C - 6 , a n d  to  the  m ethine p ro to n  a t  C - 8 .
13The C n . m . r .  spec trum  of th e  alkaloid is  a lso  sim ilar to  th a t  
r e p o r t e d  fo r  he l io su p in e  ( 8 4 ) . " ^  A DEPT p u lse  s e q u e n c e  confirm ed  th e  
n u m b e r  of each ty p e  of ca rb o n  atom in th e  alkaloid.
The mass sp e c tru m  of helio sup ine  (84) did  n o t  show a m olecular 
ion  a t  m/z 397, b u t  d is p la y e d  p eak s  a t  m/z 297 an d  m/z 220 d u e  to M+-
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angelic  ac id  an d  M+-echim idin ic  ac id ,  r e s p e c t iv e ly .  M cLafferty  
r e a r r a n g e m e n ts  an d  r e a r ra n g e m e n ts  invo lv ing  lo ss  a n d  gain  of h y d ro g e n  
atoms from th e  p y r ro l iz id in e  r in g  acco u n ted  fo r  p e a k s  of low er in te n s i ty  
in th e  s p e c tru m .  Scheme 59 shows a possib le  f rag m e n ta t io n  of helio­
s u p in e  (84) .
F inal confirm ation of th e  id e n t i ty  was p ro v id e d  b y  a n o n ­
d e p re s s io n  of a mixed melting p o in t  of the  p ic ra te  of h e l io su p in e ,  with 
an  a u th e n t ic  sample su p p lie d  b y  P ro f .  D .H .G .  C ro u t .
H eliosupine (84) was f i r s t  iso la ted  from Heliotropium  supinum
L . ,  (family B orag inaceae ) b y  D enisova e t  a l . , a n d  i ts  s t r u c t u r e  was
112e lu c id a ted  b y  th e  same g ro u p  of w o rk e rs .
7 .6  Iden tif ica t io n  of E ch ina tine  (123)
T he  most po la r  com ponent of th e  alkalo id  m ix tu re  was ech ina tine
(123).  T h is  was th e  major com ponent of th e  m ix tu re  of a lkalo ids  (75%)
a n d  all th e  sp ec tro sco p ic  da ta  w ere identica l to  th o se  r e p o r t e d  in 7 .3 .
T he  le a s t  p o la r  alkaloid (g av e  a p o s i t iv e  r e s u l t  w ith  E h r l ic h 's  
r e a g e n t )  could  no t be  id e n t if ied  b ecau se  of in s u f f ic ie n t  m a te r ia l .
7 .7  C onclusions
Lindelofia long if lo ra  was shown to co n ta in  one p y r ro l iz id in e
a lka lo id , e ch in a tin e  (123). Cynoglossum  m acrosty lum  was shown to
p ro d u c e  th r e e  p y r ro l iz id in e  alkalo ids , two of w hich w ere  id e n t i f ie d  as  
ech in a tin e  (123) a n d  h e l io sup ine  (8 4 ) .  The fo rm er was th e  most a b u n d a n t .
P robab le  F rag m en ta t io n  P a t te rn  fo r  H eliosupine (84)
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C h a p te r  8  
EXPERIMENTAL
8 .1  G eneral
All melting p o in ts  were m e asu re d  on a K ofler h o t - s t a g e  a p p a r a tu s
a n d  a re  u n c o r r e c te d .  Optical ro ta t io n s  w ere  m e a su re d  with an  O ptical
A c tiv ity  L td .  AA 10 P o larim eter .  I n f r a  r e d  s p e c t r a  w ere  o b ta in e d  on a
P e rk in  Elmer 580 sp ec tro p h o to m e te r .  N uclea r  m agnetic  re so n a n c e  s p e c t r a
w ere  r e c o rd e d  with a P e rk in  Elmer R32 s p e c tro m e te r  o p e ra t in g  a t  90 MHz
( 6  ) ,  a V arian  XL-100 sp ec tro m e te r  o p e ra t in g  a t  25 MHz ( 6  ) ,  a B r u k e r
H C
WP200-SY s p e c tro m e te r  o p e ra t in g  a t  200 MHz ( 6  ) ,  50 MHz ( 8  ) a n d
H C
30.72 MJz ( 6 ^ ) .  S p e c t ra  w ere re c o rd e d  fo r  so lu tions  in d eu te r io ch lo ro -  
form u n le ss  o th e rw ise  s ta t e d ,  with te tra m e th y ls i la n e  as  in te rn a l  s t a n d a r d .  
Mass s p e c t r a  w ere  o b ta in ed  with A .E . I .  MS 12 or  902 s p e c tro m e te rs .
T . l . c .  was c a r r ie d  ou t on K ieselgel G p la te s  of 0.25 mm th ic k ­
n e s s  an d  deve loped  with ch lo ro fo rm -m ethano l-conc . ammonia (85 :14 :1 )
u n le ss  o th e rw ise  s ta t e d .  T he  alkaloids w ere  d e te c te d  by  th e  modified
113D ra g e n d o rf f  r e a g e n t ,  o r  by  oxidation with o -c h lo ra n i l ,  followed by
tre a tm e n t  w ith E h r l ic h 's  r e a g e n t .  ^
13All C -labe lled  com pounds w ere p u r c h a s e d  from B .O .C .  Prochem  
L t d . ,  L ondon . Radiochemicals w ere p u r c h a s e d  from Amersham 
In te rn a t io n a l .  R ad ioac tiv ity  was m easu red  with a P h ilip s  PW 4700 L iqu id  
Scin tilla tion  C o u n te r  u s ing  to luene-m ethanol so lu t io n s .  S u ff ic ien t  co u n ts  
w ere  accum ula ted  to g ive  a s ta n d a rd  e r r o r  of le ss  th a n  1 % fo r  each
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d e te rm in a t io n .  R ad ioac tive  samples w ere  r e c r y s ta l l i s e d  to c o n s ta n t
spec if ic  rad io a c t iv i ty  a n d  th e y  w ere c o u n te d  in d u p l i c a te . A P anax
th in - l a y e r  s c a n n e r  RTLS-1A was u s e d  fo r  ra d io sc a n n in g  of t . l . c .  p la te s .
1 , 2 -D im ethoxyethane  (DME) an d  t e t r a h y d r o f u r a n  (THF) w ere
d r ie d  b y  d is ti l la tion  from potassium  h y d ro x id e  an d  th e n  from sodium-
b e n z o p h e n o n e  u n d e r  a rg o n  p r io r  to u s e .  N ,N -D im ethylform am ide (DMF)
114a n d  ace tone  w ere  d r ie d  u tilis ing  3A°molecular s ie v e s .  D ich lorom ethane
a n d  chloroform  w ere p r e - d r i e d  with calcium c h lo r id e ,  a n d  th e n  d is t i l led
115from p h o s p h o ru s  p e n to x id e .  O rgan ic  so lu tions  w ere d r ie d  with
a n h y d r o u s  magnesium su lp h a te  an d  so lv en ts  w ere  evapora 'ted  off u n d e r  
r e d u c e d  p r e s s u r e  below 50°C.
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8 . 2 E xp er im en ta l  to  C h a p te r  3
S ta n d a r d  P ro c e d u re  fo r  E x tra c t in g  R osm arin ine  (20) from Senecio 
p le is to c e p h a lu s
F r e s h  le a v e s  a n d  stems (200g) of Senecio  p le is to cep h a lu s  
S. Moore p la n ts  (family Compositae) , w ere  f ine ly  c h o p p e d  a n d  b le n d e d  
with m ethanol in  p o r t io n s .  T he  b le n d e d  e x t r a c t s  w ere  f i l te re d  a n d  th e  
m ethanolic f i l t r a te s  w ere  c o n c e n tra te d  u n d e r  r e d u c e d  p r e s s u r e .  T he  
r e s u l t in g  g re e n  r e s id u e  was d isso lved  in d ich lo rom ethane  ( 1 0 0  ml) a n d  
e x t r a c te d  with 2M s u lp h u r ic  acid (3 x 100 ml). T he  acidic e x t r a c t s  w ere  
com bined  an d  w ash ed  with d ich lorom ethane ( 6  x  150 m l). P ow dered  zinc 
metal (5g) was a d d e d  an d  the  m ix tu re  was s t i r r e d  a t  room te m p e ra tu re  
fo r  2h. A f te r  f i l te r in g  th ro u g h  Celite , th e  f i l t r a te  was made bas ic  b y  
ad d in g  c o n c e n t r a te d  ammonia solution (pH 9) a n d  th e  r e s u l t a n t  a lkaline 
so lu tion  was e x t r a c t e d  with d ichlorom ethane (4 x  300 ml). T he  com bined 
o rg an ic  e x t r a c t s  w ere  d r ie d ,  f i l te red ,  an d  c o n c e n t r a te d  u n d e r  vacuum  to 
a f fo rd  c r u d e  ro sm ar in in e  ( 2 0 ) , which was r e c r y s ta l l i s e d  from d ich lo ro ­
m e th a n e /a c e to n e  ( 1 :1 ) ,  to give fine white c r y s ta l s  (290 m g),  m .p .  204°C 
(d eco m p .)  ( l i t . , 6 9  202-204°C); [ a ] 1 4  - 8 5 .6 °  (c 1, MeOH), ( l i t . , 6 9
[ a ] 2 4  - 8 5 .3 ° ) ;  v (K B r disc) 3420, 2970, 2920, 1740, 1720, an d  D m a x .
1160 cm "1; (200 MHz) 0.94 (3H, d , J  6 .5  Hz, 1 9 -H ) , 1.32 (3H, s ,
H
18-H ), 1.75 (1H , m, 1 3 -H ) , 1.82 (3H, d d ,  J  7 .2  Hz a n d  1.5 Hz, 21-H 3) , 
1.98 (1H , m, 6 a - H ) , 2.04 (1H, m, 63~H), 2.21 (2H , m, 14-H2) ,  2.48 
(1H, m, 1 -H ) , 2 .59  (1H, m, 5&-H), 2.90 (1H, d d ,  J  11.1 Hz a n d  8 .0  Hz, 
3 3 -H ) ,  3.03 (1H , d d ,  J  11.1 Hz an d  7 .5  Hz, 3 a -H ) ,  3 .24 (1H, d d d ,  J  
9 H z, 7 Hz an d  2 H z, 5a -H ),  3.54 (1H, d d ,  J  7 .7  Hz a n d  3 .2  Hz, 8 - H ) ,
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4.08 (1H , d d ,  J  12.5 Hz a n d  1.0 Hz, 9 - H p r o - R ) , 4.20 (1H, d d d ,  J  9 .5  
Hz, 8 .0  Hz a n d  7 .3  Hz, 2 -H ), 4 .87  (1H , d d ,  J  12.6 Hz a n d  5 .2  Hz, 
9 - H p r o - S ) ,  5.00 (1H, d d d ,  J 3 .5  Hz, 3 .3  Hz a n d  1.2  Hz, 7 -H ) ,  a n d  
5.76 p . p . m .  (1H, d q ,  J  7.2  Hz an d  1 Hz, 20-H ); 6 c (50 MHz) 11.6 
(C -1 9 ) ,  15.1 (C -2 1 ) ,  25.6 ( C - 1 8 ) , 34.4 ( C - 6 ) ,  37.8 (C -1 3 ) ,  39.5 (C -1 4 ) ,
49.1  ( C - l ) ,  53.5 ( C - 5 ) , 61.3 ( C - 3 ) ,  62 .2  ( C - 9 ) ,  69.1 ( C - 2 ) ,  69 .3  ( C - 8 ) , 
75.3 ( C - 7 ) ,  77.5 (C -1 2 ) ,  132.7 (C -1 5 ) ,  134.4 (C -2 0 ) ,  167.5 (C -1 6 ) ,  a n d
180.6 p . p . m .  ( C - l l ) ;  m/z 353 (M +, 3%), 227, 156, 155, 154, 139, 138 
(100%), 137, 122, 112, 111, an d  82 (F o u n d :  M + , 353.1847. C 1 0 H 0 ^NO,
—  I o  C I O
r e q u i r e s  M, 353.1839). (Found : C , 60 .98; H , 7.40; N, 3.87.
C 18H 27N 0 6 reclu i r e s  c > 61- 17; 7 - 7°; 3.96%).
131 ,4 , - Diamino- [ 1- C ]b u ta n e  d ih y d ro c h lo r id e  ( 8 9 ) . -  D ry ,  p o w d ered
13 13sodium [ C ]c y a n id e  ( l g ,  20 mmol, 91 atom % C) was a d d e d  to a
so lution of N -(3 -b ro m o p ro p y l)p h th a l im id e  (39) (4 .4 7 g ,  16.6 mmol) in  d r y
d im e th y lsu lp h o x id e  (50 ml). The m ix tu re  was s t i r r e d  a t  90°C fo r  2h,
an d  th e n  le f t  o v e rn ig h t  a t room te m p e ra tu r e .  D ie thy l e th e r  (300 ml) was
a d d e d ,  a n d  th e  m ix ture  was w ashed  with w a te r  ( 6  x  50 ml), a n d  b r in e
(3 x 50 m l). The organic  la y e r  was d r ie d  (N a^SO ^), f i l te re d  a n d
13c o n c e n t ra te d  to y ie ld  4 -ph tha lim ido-[  1 -  C ]b u ta n e n i t r i le  as  an  oil (1 .7 5 g ,  
49%); V (film) 2200, 1775, an d  1715 cm 6  (90 MHz),: 2.09 (2H,m a x . H
t ,  J  7 .2  H z ) ,  2.4 ( 2H, m ) , 3.82 (2H, t ,  J  7 .2  H z ) ,  a n d  7.75 p . p . m .
(4H, m ); (25 MHz) 118.6 p . p . m .  ( s ) ;  m/z 216 (M+) ,  160, 133,
105, 104, a n d  76.
134-Phthalim ido-[  1- C ]b u ta n e n i t r i le  ( 0 .5 g ,  2 .3  mmol) was a d d e d  
to a su sp e n s io n  of p la tinum (IV ) oxide (75 mg) in glacial acetic  ac id  (12. m l),
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a n d  th e  m ix tu re  was h y d ro g e n a te d  a t  a tm o sp h er ic  p r e s s u r e  fo r  4h. T h e
m ix tu re  was f i l t e r e d ,  a n d  th e  f i l t r a te  was c o n c e n t r a te d  to  give c ru d e
134 -p h th a l im id o -  1 -am ino-[ 1- C ]b u ta n e  (450 m g, 8 8 %). T he  c ru d e  p r o d u c t  
was h y d ro ly s e d  b y  h ea t in g  it  a t  r e f lu x  in co n c .  HC1 (15 ml) for 20h. 
P re c ip i ta t e d  p h th a l ic  acid  was rem oved  b y  f i l t ra t io n  a f te r  cooling th e  
re a c t io n  p r o d u c t  to  0°C. The f i l t r a te  was e v a p o ra te d  to d r y n e s s ,  a n d  
th e  r e s id u e  was r e c ry s ta l l i s e d  from a q u eo u s  e thano l to y ie ld  1 ,4 -d iam ino- 
[ 1 -^ 3 C ]b u ta n e  d ih y d ro ch lo r id e  (89) (276 mg, 83%); SH (90 MHz) (D 2 0 )  
1 .79 (4H , b r  s) a n d  3.08 p . p .m .  (2 .2 H , b r  s + 1 .8H , d ,  J  ( ^ 3 C-^H)
150 H z) ;  6 c {1 H} (25 MHz) (D 2 0 )  39.6 p . p . m .  ( s ) .
131 , 4 -D iam ino-[ 2 ,3 -  C ^ jb u ta n e  d ih y d ro c h lo r id e  ( 3 7 ) . -  T h is  was p r e p a r e d
41b y  th e  m ethod of K han a n d  Robins w ith  a modification to  th e  re d u c t io n  
s t e p .
A so lu tion  of sodium cyan ide  ( 1 .5 g ,  31 mmol) in w a te r  (5 ml) was a d d e d
to  l , 2 - d i b r o m o [ l , 2 - 1 3 C 2]e th an e  (81%, 1 3 C 2 , 18% 13C 1 2 C , a n d  1% 1 2 C 2
sp ec ie s )  ( l g ,  5 .1  mmol) in ethanol (100 m l), a n d  th e  m ix tu re  was h e a te d
a t  r e f lu x  fo r  4h. The solution was cooled a n d  c o n c e n t r a te d .  The
r e s id u e  was ta k e n  up  in w ater (50 ml) a n d  e x t r a c te d  co n t in u o u s ly  w ith
chloroform  for 24h. The chloroform  e x t r a c t s  w ere  d r ie d ,  f i l te re d ,  a n d
13e v a p o ra te d  u n d e r  r e d u c e d  p r e s s u r e  to g ive  [2 ,3 -  C^]  s u c c in o n i t r i le ,
(253 m g, 59%); m .p .  53-54°C [ l i t . , ( f or  u n lab e lled  m ateria l)  57°C];
V ( th in  film) 2258 cm \  The d in i tr i le  (230 mg, 2 .8  mmol) was a d d e dm a x .
to a s u sp e n s io n  of p la tinum (IV ) oxide  ( Jo h n so n  M atthey) (35 m g, 15% b y  
w eigh t)  in  glacial ace tic  acid (10 m l). The m ix tu re  w as s t i r r e d  u n d e r  a
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h y d r o g e n  a tm o sp h ere  un ti l  no more h y d r o g e n  was ta k e n  up  (c a .  3 0 h ) .
T h e  s u sp e n s io n  was f i l te re d  th r o u g h  C eli te ,  a n d  th e  f i l t r a te  was c o n c e n ­
t r a t e d  to  g ive  an  oil. T he  oil was d is so lv ed  in 4M h y d ro ch lo r ic  ac id
13(10 ml) a n d  c o n c e n tra te d  to a f fo rd  c ru d e  [2 ,3 -  C ^ lp u t r e s c in e  d ih y d r o ­
ch lo r id e  (3 7 ) ,  which was r e c r y s ta l l i s e d  from aq u eo u s  e thano l (95%),
(360 mg, 79%); S u (90 MHz) (D 9 0 )  2 .3  (0 .4 H , s + 3 .6H , d ,  J  ( 1 3 C - 1 H)
H c* —
125 H z ) ,  a n d  3 .7  p . p .m .  (4H, b r  s ) ; 6  {XH} (25 MHz) ( D O )  26.3
0  U
p . p . m .  ( s ) .
15 131 ,4 -D iam ino-[ 1-amino- N, 1- C 3b u ta n e  d ih y d ro ch lo r id e  ( 3 8 ) . -  T he
ti t le  com pound (38) was p r e p a r e d  a c c o rd in g  to th e  method of K han  a n d
R o b in s , ^ 3  in  an  overall y ie ld  of 61%; 6  (90 MHz) (D-O) 1.8 (4H , b r  s ) ,
H u
a n d  3 .1  p . p . m .  (2 .2H , b r  s + 1 .8H , d ,  J  ( 1 3 C - 1 H) 135 H z); S ^ H }
(25 MHz) (D 2 0 )  41.2 p . p .m .  (d ,  J  4 .5  H z) .
13[ 1 ,9 -  C^3Homospermidine t r ih y d ro c h lo r id e  ( 4 7 ) . -  P re p a ra t io n  of th e
41t r ih y d ro c h lo r id e  (47) was c a r r i e d  ou t b y  D r .  H .A . K han . T h e  sa l t  
c o n ta in e d  ca. 96% "^C 2  an d  4% 3 3 C^ sp ec ie s ;  6 c (^H} (25 MHz) (D^O)
39 . 6  p . p . m .
2  t1, 4 -D iam ino-[ 1 ,1 -  H^3b u ta n e  d ih y d ro c h lo r id e  (92) [cf .  method of C a l le ry
73e t  a l .  ] . -  4 -P h th a l im id o b u tan en itr i le  ( 2 .3 6 g ,  11 mmol) was a d d e d  to  a 
s u sp e n s io n  of p la tinum (IV ) oxide (0 .3 2 g )  in m onodeuterioacetic  ac id .
T he  m ix tu re  was s t i r r e d  u n d e r  a d eu te r iu m  a tm o sp h ere  a t  a tm o sp h er ic  
p r e s s u r e  fo r  60h. The m ix tu re  was f i l te r e d  th ro u g h  Celite , a n d  th e
t  see p . 175 fo r  exp lanation
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2
f i l t r a te  was c o n c e n t ra te d  to give c ru d e  4 -ph tha l im ido -[  1- l ^ j ' l - a m i n o -
b u ta n e .  T he  c ru d e  p r o d u c t  w as h e a te d  a t  r e f lu x  in 4M h y d ro c h lo r ic
ac id  (70 ml) fo r  6 h .  The reac tion  m ix tu re  was cooled to 0°C, a n d  the
p r e c ip i t a t e d  ph tha lic  ac id  was f i l te r e d  o ff.  T he  f i l t r a te  was e v a p o ra te d
to d r y n e s s ,  a n d  th e  r e s id u e  was r e c r y s ta l l i s e d  from aq u eo u s  e th an o l to
y ie ld  [ 1, l - ^ H ^ ] b u ta n e - 1, 4-diamine (92) d ih y d ro ch lo r id e  (1 .5 1 g ,  84.2%);
<5 (90 MHz) (D 9 0 )  1.77 (4H, b r  s )  a n d  3.06 p . p .m .  (2H, b r  s ) ; 6
H l, D
(25 MHz) ( ^ O )  3.05 p . p . m .  ( s ) .  T h e  d ip h e n y lam in o ( th io c a rb o n y l)  
d e r iv a t iv e  h a d  m .p .  177-178°C [ l i t . , ^ ^ ^  ( fo r  un labe lled  m a te r ia l) ,
177-179°C ]; 6 ^ (90 MHz) [ (C D -K S O ; 80°C] 1.58 ( s ,  4H ), 3.48 ( s ,  2H),
H 5  u
7.25 (m , 10H), 7.75 ( s ,  2 x  N H ) , 9 .35  ( s ,  2 x  N H ); m /z 360 
(u n la b e l le d  m ateria l rn/z_ 358) .
1, 4 -D iam ino-[ 1 , 4 - ^ H b u ta n e  d ih y d ro c h lo r id e  ( 9 1 ) ^ . -  T he  ^H -labelled
p u t r e s c in e  (91) was made from s u cc in o n i tr i le  a s  d e s c r ib e d  b y  R ana  a n d  
49 1R o b in s .  The H n . m . r .  spec trum  in d ic a te d  th a t  th e  d ih y d ro c h lo r id e  
c o n ta in e d  ca .  96% ^H^ spec ies ;  6 ^ (3 0 .7  MHz) (H^O) 2.86 p . p . m .  ( s ) .
2  t1 , 4 -D iam ino-[ 2 ,3 -  H ^]b u ta n e  d ih y d ro c h lo r id e  (104) . -  P re p a ra t io n  of th e
d ih y d ro c h lo r id e  (104) was accom plished  u s in g  the  method of R ana  a n d
4Q ?R o b in s .  T he sa l t  con ta ined  > 99% H^ spec ies ;  (3 0 .7  MHz) (H^O)
1. 56 p ,p  .m . ( s ) .
2
(R) -1 ,  4 -D iam ino-[ 1- H] b u ta n e  d ih y d ro c h lo r id e  ( 5 2 ) . -  Enzym atic
d e ca rb o x y la t io n  of L -o rn i th in e  in D 2 O u s in g  L -o rn i th in e  d e c a rb o x y la s e ,
g av e  th e  t i t le  com pound (5 2 ) ,  acco rd in g  to  the  method of S p e n s e r  a n d  
50 1
R ic h a rd s .  From H n . m . r .  sp ec tro sc o p ic  d a ta ,  the  d e u te r iu m  c o n te n t
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was es t im a ted  to b e  97% • 6  (3 0 .7  MHz) (H ~0) 2 .87  p . p . m .  ( s ) .
1  D  u
2( S ) - 1 , 4 -D iam ino-[ 1- H]b u ta n e  d ih y d ro c h lo r id e  ( 5 3 ) . -  T he enan t iom er
2was s y n th e s i s e d  b y  enzym atically  d eca rb o x y la t in g  [2- H ] -D i ro rn i th in e
50 1(55) in w ate r  u s in g  L -o rn i th in e  d e c a rb o x y la se .  T he  H n . m . r .
2
s p e c tru m  ( ^ O )  was iden tica l to th a t  of ( R ) - [ l -  H ]p u t r e s c in e  d ih y d ro -
2c h lo r id e .  The deu te r ium  co n te n t  w as e s tim ated  to be  ca. 90% sp e c ie s ;
<5 (3 0 .7  MHz) (H zO) 2.75 p . p .m .  ( s ) .
( R ) - 1 , 4 -Diamino- [ 2 -^H]b u ta n e  d ih y d ro c h lo r id e  (65)^  a n d
2  t(S ) - 1 , 4 -Diamino- [2- H ]b u ta n e  d ih y d ro c h lo r id e  ( 6 6 ) . -  T he  en a n t io -
2
m erically  H -labe lled  p u t r e s c in e s  (65) a n d  ( 6 6 ) w ere  p r e p a r e d  a c c o rd in g
54to  th e  p ro c e d u re  of Kunec a n d  R ob ins .  Mass s p e c t r a l  a n d  n . m . r .  d a ta
on ( 2 R ) - [2 -^ H ]p u t r e s c in e  d ih y d ro ch lo r id e  (65) in d ic a te d  c a .  98% ^H^
sp e c ie s ;  6 ^ (3 0 .7  MHz) (H^O) 1 .55  p . p . m .  ( s ) .  Similar da ta  show ed
2
t h a t  th e  enan tiom er ( 6 6 ) was ca. 83% H^ spec ies;  (3 0 .7  MHz) (H^O) 1.58
p . p . m .  ( s ) .
+
I sh o u ld  like to e x p r e s s  my g ra t i tu d e  to my colleagues., D esm ond B .
H agan who k in d ly  p ro v id e d  p r e c u r s o r s  (9 1 ) ,  (92) a n d  (104) a n d  to 
D r .  Ellen K. K unec who p ro v id e d  sam ples (65) a n d  ( 6 6 ) .
F eed in g  M eth o d s . -  Senecio p le is to cep h a lu s  S. Moore p la n ts  w ere  o b ta in e d  
from th e  Royal Botanic G a rd e n ,  E d in b u rg h ,  a n d  w ere p r o p a g a t e d  from 
stem  c u t t in g s  a n d  grown in p o ts  in a s ta n d a r d  compost in a g re e n h o u s e .
One w ell-roo ted  p la n t  was u s e d  fo r  each  ex p e r im en t .  A sample of
[ 1 ,4 -  ^ C ] p u t r e s c i n e  d ih y d ro ch lo r id e  (5 or 10 jiCi) was a d d e d  to each
13 2 . 14C - a n d  H -labelled  p u t r e s c in e ,  an d  [1 ,9 -  C ]hom osperm id ine  t r i h y d r o -
13ch lo r id e  (20 uCi) was a d d e d  to [1 ,9 -  homo sperm id ine  (47) t r i h y d r o -
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c h lo r id e .  Each p r e c u r s o r  was d iv id ed  in to  equal p o r t io n s ,  w hich w ere 
d is so lv e d  in  s te r i le  w a te r  a n d  fe d  b y  th e  wick m ethod , on s u c c e s s iv e  
d a y s  fo r  7-10 d a y s .  One week a f te r  adm in is tra t io n  of each  p r e c u r s o r ,  
th e  p la n ts  w ere h a r v e s t e d .  T he  labe lled  ro sm arin ine  was iso la ted  
a c c o rd in g  to th e  s t a n d a r d  p ro c e d u re  (p .  170), a n d  r e c r y s ta l l i s e d  to 
c o n s ta n t  specific ra d io a c t iv i ty  from d ic h lo ro m eth an e-ace to n e .  I n  each  
e x p e r im e n t  ra d io sc a n s  of t . l . c .  p la te s  show ed  one ra d io a c t iv e  b a n d  
c o in c id en t  with a u th e n t ic  u n la b e lle d  ro sm arin in e  a t  Rp 0 .30 . I n c o r p o r ­
a tion  f ig u re s  fo r  each  ex p e r im e n t  a r e  p ro v id e d  in  T ab le  5, p .  94.
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8 . 3 E xperim enta l to C h a p te r  4 
148 .3 .1  [1 -  C ] 4 -C h lo ro b u ta n e n it r i le  ( 1 1 0 ) . -  Sodium c y a n id e  (588 mg,
1412.0 mmol) a n d  sodium [ C ]cy an id e  (500 uCi) w ere  d is s o lv e d  in d ry
d im ethy lsu lphox ide  (DMSO) (40 ml) a t  90°C u n d e r  a d ry  a rg o n  a tm o sp h e re .
3 -C h lo ro -  1-propanol m e th an esu lp h o n a te  (109) ( 2 .0 g ,  111.6 mmol) was
a d d e d  with s t i r r i n g ,  a n d  h ea t in g  was co n t in u e d  a t  85-90°C fo r  2h, th e n
th e  m ix tu re  was allowed to cool to room te m p e ra tu re  o v e r n ig h t .  T he
m ix tu re  was d ilu ted  with d ie thy l e th e r  ( 1 0 0  ml) an d  w a te r  was a d d e d
( 50 ml) . T he  la y e rs  w ere s e p a ra te d  a n d  th e  aq u eo u s  f ra c t io n  was
e x t r a c te d  with f u r t h e r  d ie th y l  e th e r  (75 m l). T he o rg a n ic  e x t r a c t s  w ere
com bined , w ashed  with w ate r  (4 x  100 ml) an d  b r in e  (2 x  100 m l),
f i l t e r e d ,  an d  c o n c e n t ra te d  to g ive a yellow oil. To rem ove t r a c e s  of
DMSO a n d  s ta r t in g  m ateria l ,  th e  oil was d isso lved  in d ie th y l  e th e r  (20 ml)
a n d  p a s s e d  th ro u g h  a s h o r t  silica column ( lO g ) .  T he  column was e lu ted
w ith d ie thy l  e th e r  (50 ml) a n d  th e  com bined o rgan ic  so lu tio n s  w ere
c o n c e n t r a te d  to give th e  ch lo ron itr i le  (110) as  a pale  yellow oil (725 mg,
58%, 28.3 pCi mmol ^ ) . All p h y s ica l  p ro p e r t i e s  w ere  id e n t ic a l  to
a u th e n t ic ,  un labe lled  m ateria l e . g . ,  6  (90 MHz) 2.15 (2H, m, CH_-
H — L
CH 2 C N ), 2.55 ( 2H, t ,  J  7 Hz, C H ^ C N ) ,  an d  3.65 p . p . m .  (2H, t ,  J  7 
H z, CH 2 -C 1).
14N -( [4- C ] -3 -C y a n o p ro p y l )p y r ro l id in e  (1 1 1 ) . -  A so lu tion  of th e  4 -ch lo ro -  
b u ta n e n i t r i le  (110) ( 6 8 8  m g, 6.65 mmol) in d ry  b u ta n o l  (3  ml) w as a d d e d  
to  a s t i r r e d  m ix tu re  of p y r ro l id in e  (667 pi, 8 .0  mmol), a n h y d r o u s  
sodium c a rb o n a te  (707 mg, 6.65 mmol) a n d  po tass ium  iodide (184 mg, 1.11 
mmol), and  was s t i r r e d  fo r  18h. T he  solution was cooled, a n d  th e  solid
178
w hich  was f i l te r e d  off , was w a sh e d  well w ith d ie th y l  e th e r  (50 m l) .
T he  w ash in g s  a n d  f i l t ra te  w ere  com bined  an d  e x t r a c te d  w ith 4M
h y d ro c h lo r ic  ac id  (3 x  50 m l). T he  aq u eo u s  e x t r a c t s  w ere  w ash ed
w ith  d ie th y l  e t h e r  ( 2  x  1 0 0  m l) ,  b a s i f ie d  w ith sodium c a rb o n a te  a n d
e x t r a c t e d  with d ie thy l e th e r  (3 x  100 m l) . The e th e re a l  e x t r a c t s  w ere
d r i e d ,  f i l te re d ,  an d  c o n c e n t ra te d  to give an oil which was d is t i l led ;
y ie ld  403 mg, 44%, 30.8 |iCi mmol b . p .  55°C (0 .2  mm Hg) . All p h y s ic a l
p r o p e r t i e s  w ere iden tica l to a u th e n t ic  u n labe lled  m ateria l ,  e . g .  V& max.
(CHC1-) 2260 cm 1  (CN ); 6  (90 MHz) 1.76 ( 6 H, m ),  a n d  2 .49 p . p . m .
5  H
( 8 H , m) .
14N - ( [  .4- C ]4 -A m in o b u ty l)p y rro lid in iu m  d ih y d ro ch lo r id e  (1 1 2 ) . -  A dam 's
14c a ta ly s t  [P la tinum (IV ) oxide] (30 mg, 15% w/w ) was a d d e d  to  th e  C- 
la b e l le d  n i t r i le  (111) (200 m g, 1.45 mmol) in  glacial ace tic  ac id  (5 m l) ,  
a n d  th e  m ix tu re  was h y d ro g e n a te d  a t  a tm ospheric  p r e s s u r e  fo r  18h.
T he  c a ta ly s t  was rem oved b y  f i l te r in g  th ro u g h  Celite a n d  c o n c e n t r a te d  
h y d ro c h lo r ic  ac id  ( 8  ml) was a d d e d .  The solution was c o n c e n t r a te d  
u n d e r  r e d u c e d  p r e s s u r e  to g ive a yellow solid. T he  d ih y d ro c h lo r id e  
(112) was o b ta in ed  by  slow re c ry s ta l l i s a t io n  from aq u eo u s  e thano l (95%); 
(280 m g, 90%, 55.4 gCi mmol ^ ) , m .p .  256-258°C; V (K B r d isc )
f f l c L X  •
3000 cm" 1  ( -N H 3); 6 r  (90 MHz) (D 2 0 )  1.62 (4H, m, 7- a n d  8 - H 2) ,
1.90 (4H, m, 3- a n d  4 -H 2) ,  2.95 (4H, m, 2- an d  5-H2) , 3 .05 (2H , m,
9 -H 2) ,  a n d  3.55 p . p .m .  (2H, m, 6 - H 2); 6 c (50 .3  MHz) (D 2 0 )  23 .6 ,
23 .7 , 25.0 (C -3 ,  -4 ,  -7 ,  a n d  - 8 ) ,  47 .9  (C -9 ) ,  55.1 ( C - 6 ) , a n d  55.2 
p . p . m .  (C-2 a n d  - 5 ) .  The p h en y la m in o ( th io c a rb o n y l) (119) d e r iv a t iv e  
h a d  m .p .  189°C; m/z 277 (M + , 7%) (Found: M + , 277.1609. C 1 5 H 2 3 N 3S
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req u ires  M, 277.1612).
14N - ( [4 -  C ] -4 -A m in o b u ty l ) - l ,  2 -d id eh y d ro p y rro l id in iu m  c h lo r id e  h y d r o ­
c h lo r id e  (1 1 3 ) . -  To m e rc u ry ( I I )  a c e ta te  (1 .1 8 g ,  3 .7  mmol) in  5% a q u eo u s  
ace tic  ac id  (6 ml) was a d d e d  th e  d ih y d ro ch lo r id e  (112) (200 m g, 0 .9  
mmol), a n d  the  m ix tu re  w as h e a te d  a t  r e f lu x  fo r  4h. T he  so lu tion  was 
coo led , an d  th e  m e rc u ry  (I )  a c e ta te  was f i l te re d  o ff .  T he  f i l t r a te  was 
s a t u r a t e d  w ith h y d ro g e n  s u lp h id e  to rem ove e x c e ss  m e rc u ry  (I I )  ions as  
b la c k  m e rc u ry ( I I )  su lp h id e .  T h is  was f i l te re d  off t h r o u g h  Celite  a n d  
th e  p ro c e s s  was r e p e a te d .  A pale  yellow f i l t r a te  was o b ta in e d  which was 
made alkaline b y  th e  ad d i t io n  of 40% aq u eo u s  sodium h y d ro x id e  (4 m l), 
a n d  th e n  e x t r a c te d  w ith  chloroform  (3 x  20 m l). T he  ch loroform  e x t r a c t s  
w ere  d r ie d  and  f i l te re d .  A ddition  of d ry  HC1 g as  gave  th e  immonium
sa lt  (113 ) ,  (102 mg, 51%, 64.6 juCi mmol ^ ) , m .p .  215-216°C; V+ m a x .
(nu jo l)  3000 (-N H -) , 2025, a n d  1688 cm  ^ (>C=N<); 6 (90 MHz) (D 90 )
5 H Z
1 .6 0 -2 .0 5  ( 6H, m, 4 - ,  7- a n d  8-H 2) , 2.21 (2H, m, 3-H 2) , 2 .9 0 -3 .2 0  
(4H, complex, 5- a n d  9_H 2) , 3 .95 (2H, m, 6 -H 2) , a n d  8 .65 p . p . m .
(1H , b r  s ,  2 -H ); 6 C (25 MHz) (D 20 )  20.0 , 24.1  a n d  24.4  (C -4 ,  -7  a n d
- 8 ) ,  39.5 (C -3 ) ,  47 .5  ( C - 9 ) ,  53.9 an d  59.6 (C -5  a n d  - 6 ) ,  a n d  182.2
p . p . m .  (C -2 ) ;  (F o u n d :  C , 44 .90; H, 8 .49; N, 12.93. C g H g N ^ ^
r e q u i r e s  C , 45.06; H, 8 .51 ; N, 13.18%).
A sample of th e  p ro d u c t  (24 mg, 0.11 mmol) was d is so lv ed  in 
deu te r iom ethano l (2 ml) a n d  s t i r r e d  with sodium c y a n o b o ro d e u te r id e  
(15 mg, 0.22 mmol) fo r  4h a t  room te m p e ra tu re .  E x ce ss  c y an o b o ro ­
d e u te r id e  was d e s t ro y e d  b y  slow add ition  of 10% sodium h y d ro x id e  (ca .
2 m l). The r e s u l t in g  so lu tion  was e x t r a c te d  with ch loroform  ( 4 x 5  m l) .
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T he  chloroform  e x t r a c t s  w ere  d r ie d ,  f i l t e r e d ,  a n d  c o n c e n t r a te d  to  g ive
an  oil. The oil was ta k e n  up  in c o n c e n t r a te d  h y d ro c h lo r ic  ac id  a n d  th e n
2e v a p o ra te d  to d r y n e s s  to  g ive  [2 -  H ] -N -(4 -a m in o b u ty l)p y r ro l id in iu m  d ih y d ro -  
ch lo ride  (118) (17 m g, 71%); <S (200 MHz) (D 90 )  1.65 (4H , m, 7- an dH L*
8 - ^ ) ,  1.95 (4H, m, 3- a n d  4 -H ^ ) , 2.90 (3H, m, 2-H a n d  5 - ^ ) ,  3.15 
(2H, m, 9 -H 2 ) ,  a n d  3 .50 p . p . m .  (2H, m, 6 - ^ ) .
14F eed ing  Methods -  ( 1 ) .  T he C -labelled  immonium sa l t  (113 ) ,  along 
3
w ith  [ 2 ,3 -  H ]p u t re s c in e  d ih y d ro c h lo r id e  w ere a d m in is te re d 'to  fo u r  p la n ts
w hich con ta in  p y r ro l iz id in e  a lkaloids v i z . , Senecio p le is to c e p h a lu s ,
S . i s a t id e u s , C ynoglossum  a u s t r a le  a n d  C . o f f ic ina le . T he  wick
p ro c e d u r e  of feed ing  was em ployed for th e  S . p le is to c e p h a lu s  p la n t ,  while
th e  xylem  p r ick in g  te c h n iq u e  was u s e d  fo r  th e  o th e r s .  T he  feed ing
p e r io d s  la s te d  five  d a y s ,  a n d  a f te r  a f u r t h e r  ten  d a y s ,  th e  a lka lo ids  from
each  p la n t  species w ere  e x t r a c te d  an d  re c ry s ta l l i s e d  to c o n s ta n t  spec if ic
ra d io a c t iv i ty .  In eac h  e x p e r im en t a rad io sca n  of a chrom atogram  of each
e x t r a c t e d  alkalo id , d ev e lo p ed  in th e  u su a l  so lven t  sy s te m , show ed one
ra d io a c t iv e  b a n d  co in c id en t  w ith each  a u th e n t ic  un lab e lled  a lkalo id .
R osm arin ine was h y d ro ly s e d  to ro sm arin ec in e  with barium  h y d ro x id e
(se e  p .  182). R e t ro rs in e  was h y d ro ly s e d  in a similar fa sh ion  to  g ive
3 14r e t r o n e c in e . The H / C r a t io s  were m e asu re d  fo r  each  b a s e .
14(2) N - ( [4 -  C ]-4 -A m in o b u ty l)p y r ro l id in iu m  d ih y d ro ch lo r id e  (112) w as fed
to  one Senecio p le is to c e p h a lu s  a n d  to  one Senecio i s a t id e u s  p la n t ,  as  
d e s c r ib e d  above. A u to ra d io g ra p h y  of a chrom atogram  of each  of th e
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e x t r a c te d  a lka lo id s ,  d isp la y ed  one rad io a c t iv e  b a n d  co in c id en t  w ith  each  
a u th e n t ic  un labe lled  a lkaloid .
14In te rm ed ia te  T ra p p in g  E x p e r im e n ts . -  A solution of [ 1 ,4 -  C ]p u t r e s c in e  
d ih y d ro ch lo r id e  (50 M-Ci) w as fed  to  one w e l l -e s ta b l ish e d  S . p le is to c e p h a lu s  
p la n t  b y  the  wick m ethod . A f te r  24h, th e  p la n t  was b le n d e d  in  m ethanol 
( 2 0 0  ml) a n d  th e  f i l te re d  e x t r a c t  was u s e d  fo r  th e  following two e x p e r im e n ts .
E xperim en t 1 -  In a c t iv e  immonium sa l t  (113) (40 mg) a n d  sodium b o ro -  
h y d r id e  (71 mg, 10 e q u iv a len ts )  w ere  ad d ed  to th e  m ethanolic e x t r a c t  
(100 ml) a n d  th e  m ix tu re  was s t i r r e d  for 24h. Iso th io c y a n a to b e n z e n e  
(1 ml) was a d d e d  to th e  so lu tion , which was s t i r r e d  fo r  a f u r t h e r  3d a t  
room te m p e ra tu r e .  B r in e  (100 ml) was a d d e d  an d  th e  r e s u l t a n t  so lution 
was e x t r a c te d  w ith d ich lorom ethane (4 x  100 m l). T he  o rg an ic  e x t r a c t s  
w ere d r ie d ,  f i l te re d ,  an d  c o n c e n tra te d  to g ive  a m ix tu re  of d e r iv a t is e d  
po lyam ines . A rad io sc a n  of a chrom atogram  of th e  m ix tu re  deve loped  in 
CH^C^^MeCN (9 :1 )  in d ica te d  two major b a n d s  a t  Rp 0 .30 (75%) a n d  0 .65 
(10%). T hese  b a n d s  c o r re s p o n d  to th e  p h en y lam in o ( th io ca rb o n y l)  
d e r iv a t iv e s  ( 1 2 0 ) a n d  (119) of p u t r e s c in e  an d  N -( 4 -a m in o b u ty l )p y r ro l id in e , 
r e s p e c t iv e ly .  Some rad io a c t iv i ty  was also o b s e rv e d  a t  Rp 0 .0  (10%).
The b a n d  with Rp 0 .65 was rem oved ,  an d  th e  com pound was c ry s ta l l i s e d  
a n d  c o u n te d .
E xperim en t 2 -  N -(4 -A m in o b u ty l)p y rro l id in iu m  d ih y d ro c h lo r id e  (112) (25 mg) 
a n d  iso th io cy an a to b en zen e  ( 1  ml) w ere ad d e d  to  th e  m ethanolic e x t r a c t  
(100 m l), which was s t i r r e d  for 3d a t  room te m p e ra tu r e .  T he  re a c t io n
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was w o rk ed  up  as  d e s c r ib e d  above to  y ie ld  a c ry s ta l l in e  r e s id u e .  A u to ­
ra d io g r a p h y  of a chrom atogram  of th e  c ry s ta l l in e  m ateria l deve loped  in 
C H ^C ^ 'M eC N  ( 9 :1 ) ,  d isp la y ed  one major b a n d  (90%), Rp 0 .31  c o r r e s p o n d ­
ing  to  th e  p h en y lam in o ( th io ca rb o n y l)  d e r iv a t iv e  ( 1 2 0 ) of p u t r e s c in e .
A w eak er  b a n d  (10%) was also v isib le  a t  Rp 0 .0 .  T he b a n d  which 
c o r r e s p o n d e d  to th e  N -p h en y lam in o ( th io ca rb o n y l)  d e r iv a t iv e  of th e  
s a t u r a t e d  d ih y d ro ch lo r id e  (119),  was e x t r a c te d  a n d  c ry s ta l l i s e d .
8 .3 .2  (1[3,2q, 7(3,8 a) -  1 -H y d ro x y m e th y l-2, 7 -p y rro liz id in ed io l
( R o sm arin ec in e ) (21) -  Rosm arinine (20) (500 mg, 1.42 mmol) was 
d is so lv ed  in w a te r  (25 ml) a n d  th e  solution was h e a te d  u n d e r  re f lu x  with 
b a r iu m  h y d ro x id e  o c ta h y d ra te  (1 . 78g, 5.65 mmol) fo r  4h. Solid ca rbon  
d iox ide  was a d d e d  to th e  cooled solution a n d  th e  p r e c ip i ta te d  barium  
c a rb o n a te  was f i l te re d  o ff .  The f i l t r a te  was s a tu r a t e d  w ith sodium 
c a rb o n a te  a n d  co n t in u o u s ly  e x t ra c te d  with ch loroform  fo r  48h. C oncen­
t r a t io n  of th e  chloroform  e x t ra c t  u n d e r  r e d u c e d  p r e s s u r e  gave  ro sm ar in e ­
c ine  (21) (160 mg, 65%), m .p .  170-171°C ( l i t . , 117a 171-172°C); [ a ] 1 8
1 1 7a-1 1 .6 °  (c 2 in MeOH) ( l i t . ,  a - 1 1 .8 ° ) ;  v (K B r d isc)  3350, 2980,— max. / > ,
2940, 2495, 2480, a n d  1480 cm "1; 6 u (90 MHz) (CD-OD) 1.90 (2H, m,
H .j
6 - H 2) ,  2.32 (1H, m, 1 -H ), 2 .85 -3 .35  (4H, m, 3- a n d  5-H 2) , 3.48 (1H, d d ,  
J  4 Hz a n d  3 Hz, 8 - H ) ,  3.80 (1H, d d ,  J  11 Hz a n d  5 Hz, 9 -H ) ,  4.05 
(1H, d d  J  11 Hz a n d  6  Hz, 9 -H ) ,  4.30 (1H, m, 7 -H ) , a n d  4 .41 p . p . m .
(1H, d d d ,  J  9Hz, 9Hz a n d  5 Hz, 2 -H ) ; 6 c (25 MHz) (C D 3 OD) 36.0 
( C - 6 ) , 51.3 ( C - l ) ,  54.9 ( C - 5 ) ,  59.4 ( C -3 ) ,  60 .1  ( C - 9 ) ,  70.9 ( C - 8 ) ,  a n d
72.0 a n d  72.5 p . p .m .  (C -2  a n d  -7 ) ;  m/z 173 (M + , 9%), 129, 113, 100, 99,
183
98 (100%), a n d  82 (F o u n d :  M + , 173.1053. C g H ^ N C ^  r e q u i r e s  M,
173.1052).
A cid ifica tion  of th e  rem ain ing  a q u eo u s  so lu tion  with 2M 
s u lp h u r ic  ac id ,  a n d  c o n tin u o u s  e x t ra c t io n  w ith  e t h e r  gave  th e  lac tone  
of senec ic  ac id ,  m .p .  129°C ( l i t . , ^ ^ 3  129-130°C).
( 1 3 ,7 3 ,8 a ) - 7 - H y d r o x y -  1 -h y d ro x y m e th y lp y rro l iz id in e  (P la ty n e c in e ) (124) -  
A so lution of r e t ro n e c in e  (3) (200 m g ) ,  1.3  mmol) in ab so lu te  e thano l 
(10 m l), to  which was ad d e d  10% P d /C  c a ta ly s t  (30 mg, 15% b y  w e ig h t ) ,  
w as h y d ro g e n a te d  a t  1 atm . A fte r  4h, r e d u c t io n  was com plete . T he  
so lu tion  was f i l te r e d  th ro u g h  Celite a n d  th e  e th an o l  was rem oved  u n d e r  
v acu u m . T he  s y r u p y  p r o d u c t  was ta k e n  up  in boiling a ce to n e  (2 m l), 
a n d  p la ty n e c in e  (124) c ry s ta l l i s e d  from th e  cooled so lu tion  (182 mg, 90%), 
m .p .  148-148.5°C ( l i t . , 1 1 8  148-149°C); [ a ] ^ °  - 5 5 .1 °  (c 1 in CHC1-)
"I I  O
( l i t . ,  - 5 6 .8 ° ) ;  v (K Br d isc) 3350, 2940, 2880, 2480, a n d  1480m a x .
cm "S 6  (200 MHz) 1 .60-2 .20  (4H, com plex , 2- a n d  6 - H z ) , 2.39 (1H,
H
m, 1 -H ) , 2 .7 0 -3 .1 5  (4H , complex, 3- a n d  5 -H z) ,  3.18 (1H, m, 8 - H ) ,
3 .85  (1H, d d ,  J  11.3 Hz an d  4 .3  Hz, 9 -H ) ,  3 .95 (1H, d d ,  J  11.3 Hz a n d
2.4  H z, 9 -H ) ,  a n d  4 .20  p . p .m .  (1H, d t ,  J  4 .6  Hz a n d  1 .7  Hz, 7-H );
6  (25 MHz) 28.6 ( C - 6 ) ,  36.5 ( C - 2 ) ,  43 .9  ( C - l ) ,  53.6 a n d  55.3 (C -3
a n d  - 5 ) ,  61.6 ( C - 9 ) ,  71.1 ( C - 8 ) > a n d  73-1 p . p . m .  (C -7 ) ;  m /z 157
(M+, 7%) 113, 83, 82 (100%), an d  81 (F o u n d :  M + , 157.1108.
CgH isN C ^ r e q u i r e s  M, 157.1103). T h e  s t r u c t u r e  w as also confirm ed b y
82D r .  A .A .  F re e r  b y  X - ra y  c ry s ta l  s t r u c t u r e  a n a ly s i s .
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3 3[ H ]R osm arin ine  -  A sample of [ 2 ,3 -  H ]p u t r e s c in e  d ih y d ro c h lo r id e  (1 .0
mCi) was fed  to  one w e ll-e s tab lish e d  Senecio p le is to c e p h a lu s  p la n t  o v e r
fo u r  d .  Ten  d l a t e r ,  th e  p la n t  was h a r v e s te d  a n d  th e  [ H ]rosm arin ine
(240 mg, 0.15% y ie ld  b a s e d  on wet w eigh t of p la n t  m ateria l)  was iso la ted
b y  th e  s t a n d a r d  p ro c e d u re  ( p . 170). A rad io a c t iv e  c o u n t in d ica te d  a to ta l
in c o rp o ra t io n  of ca .  11% (A ctiv i ty  107 i_iCi; 157.8 pCi mmol ^ ) . A t . l . c .
of th e  t r i t i a t e d  ro sm arin in e  showed one sp o t co in c id en t with a u th e n t ic
u n la b e lle d  ro sm arin in e  a t  Rp 0 .3 .  All s p e c tro sc o p ic  d a ta  w ere iden tica l
to  th o se  r e p o r t e d  on p . 170.
3
[ H jR osm arinec ine  -  T r i t ia te d  ro sm arin in e  (40 m g, 0 .11 mmol; 157.8 pCi 
mmol ^) in w ater  (5 ml) was h e a te d  u n d e r  r e f lu x  w ith  ba r iu m  h y d ro x id e  
o c ta h y d ra te  (142 mg, 0 .45 mmol), fo r  4h. T he  so lu tion  was cooled, 
t r e a t e d  with solid  c a rb o n  d ioxide , a n d  th e  p r e c ip i ta te d  barium  c a rb o n a te  
was f i l te r e d  o ff .  T he  f i l t ra te  was b as if ied  with sodium ca rb o n a te  a n d  
co n t in u o u s ly  e x t r a c t e d  with chloroform fo r  48h. T he  chloroform  e x t r a c t
3
was d r ie d ,  f i l te r e d ,  an d  c o n c e n tra te d  u n d e r  vacuum  to give  [ H Jro sm arin -
-1   ^ecine (12 mg, 60%; 128.7 pCi mmol ) .  A t . l . c .  of th e  [ H ]ro sm a r in e -
cine on a silica gel p la te  developed  with m e th a n o l-c o n c . ammonia ( 9 : 1 )
show ed one s p o t ,  Rp 0 .3 ,  co inc iden t with a u th e n t ic  u n lab e lled  ro sm a r in e -
c in e .  The sp ec tro sco p ic  d a ta  w ere iden tica l to  th o se  r e p o r te d  on p. 182.
3
[ H ]P la ty n ec in e  -  M ethanesu lphonyl ch lo ride  (72 pi, 0 .9  mmol, 1 .1  e q u i v . ) ,
3 - I[ H ]ro sm arin in e  (80 mg, 0 .2  mmol; 157.3 pCi mmol ) ,  a n d  un labe lled
ro sm arin in e  ( 2 2 0  m g, 0 . 6  mmol) w ere d isso lv ed  in d r y  d ich lorom ethane
( 8  ml) an d  th e  m ix tu re  was cooled to -78°C . T r ie th y lam in e  (129 pi,
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0 .9  mmol, 1 . 1  e q u i v . ) ,  was a d d e d  via s y r in g e  a n d  th e  m ix tu re  was
s t i r r e d  a t  -78°C  fo r  l / 2 h .  The so lution t u r n e d  pale  yellow a n d  th i s
co lour  d e e p e n e d  s l ig h t ly  a s  th e  re a c t io n  was allowed to  re a c h  room
te m p e r a tu r e .  T he  m ix tu re  was p o u re d  in to  w a te r  (60 ml) a n d  e x t r a c te d
w ith  d ich lo rom ethane  (3 x 60 ml). The com bined o rgan ic  e x t r a c t s  w ere
w a s h e d  w ith  b r in e  (50 ml), d r ie d ,  a n d  c o n c e n t r a te d  to  g ive  2 -O -m eth an e-
s u lp h o n y l - [ ^H] ro sm arin ine  (340 mg, 93%); v ( C H C k ) ,  1720, 1355,m a x » j
a n d  1175 cm 6  (90 MHz) 3.1  p . p . m .  (3H, s) . The [^H Jm esyla te
(300 m g, 0 .7  mmol) was d isso lved  in d ry  h ex am e th y lp h o sp h o r ic  tr iam ide  
(HMPTA) (4 ml) a n d  ad d e d  to a tw o -n e c k e d  r o u n d  bottom f lask  co n ta in ­
ing  sodium c y a n o b o ro h y d r id e  (219 mg, 3 .5  mmol, 5 e q u iv . )  v ia  a s y r in g e .  
T h e  m ix tu re  was s t i r r e d  a t  95-100°C for 18h, th e n  cooled. T he so lu tion  
w as d i lu te d  with b r in e  (20 ml) an d  e x t r a c te d  with d ie th y l e th e r  (3 x  25 
m l) .  T he  com bined e th e re a l  e x t r a c t s  w ere w ashed  with b r in e  (3 x  25 ml). 
[V ig o ro u s  sh a k in g  w ith  b r in e  was r e q u i r e d  to rem ove all t r a c e s  of HMPTA] .
T he  e t h e r  so lu tion  was d r ie d ,  f i l te re d ,  a n d  c o n c e n t ra te d  to y ie ld
3 1[ H ]p la ty p h y l l in e ,  (119 mg, 51%). T he  H n . m . r .  sp e c tru m  show ed no
s in g le t  a t  3 .1  p . p . m .  due  to the  m esy la te .  A lkaline h y d ro ly s is  of th e
3
t r i t i a t e d  p la ty p h y l l in e , c a r r i e d  o u t as  fo r  [ H ]ro sm arin in e  above ,  a f fo rd e d  
[ ^ H ]p la ty n e c in e  (38 mg, 6 8 %; 19.4 nCi mmol ^ ) . A t . l . c .  of th e  [ ^H] —
p la ty n e c in e  on a silica gel p la te  deve loped  with m e th a n o l-c o n c . ammonium 
(9 :1 )  show ed  one s p o t ,  Rp 0 . 2 , co inc iden t w ith a u th e n t ic  un labe lled  
p l a ty n e c i n e .
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F eed in g  M ethods -  T he  H -labelled  n e c in e s ,  ro sm a r in e c in e  a n d  p la ty n e c in e ,
14w ere  b o th  m ixed w ith [1 ,4 -  C ] p u t r e s c in e  d ih y d ro c h lo r id e  to give in itia l 
3 14H I C r a t io s  of 16.1 an d  12.3, r e s p e c t iv e ly .  U n labelled  p u t r e s c in e
d ih y d ro c h lo r id e  was ad d e d  to  each  sample to  e n s u r e  th a t  equal molar
q u a n t i t i e s  of each  com pound were a d m in is te re d .  T he  two m ix tu re s  w ere
each  fe d  to one Senecio p le is to cep h a lu s  p la n t  b y  th e  wick m ethod.
D eta ils  of each  ex p e r im en t a re  g iven  in  T ab le  9. R osm arin ine  was
is o la te d  a n d  r e c ry s ta l l i s e d  to  c o n s ta n t  spec if ic  r a d io a c t iv i ty .  In  each
ex p e r im e n t  ra d io s c a n s  of t . l . c .  p la te s  show ed  one b a n d  co inc iden t w ith
a u th e n t ic  u n la b e l le d  rosm arin ine  a t  R-^ 0 .3 .F
T able  9. In c o rp o ra t io n  of %1-necines in to  ro sm a r in in e  in  Senecio 
p le is to c e p h a lu s  p la n ts
B ase Q uan ti ty
fed /m g
3 H / 14C 
of p r e c u r s o r s
3 h / 14c H Specific
of ro sm ar in in e  In c o rp o ra t io n  
in ro sm ar in in e
R osm arinec ine  5
P la ty n e c in e  16
16.1
12.3
9 .3
10.2
4.0
7 .3
( —) —7 , 9 - 0 - 0 - (Iso p ro p y lid e n y l) ro sm a r in e c in e  (1 2 8 ) .  -  R osm arinecine  (200 mg, 
1.16 mmol) was d is so lv ed  in d ry  ace tone  ( 2  ml) a n d  f e r r ic  ch lo ride  (60 mg) 
w as a d d e d .  T he  m ix tu re  was s t i r r e d  a t  40°C fo r  36h u n d e r  an i n e r t  
a tm o s p h e re .  T he  reac tio n  was te rm in a te d  b y  a d d in g  10% po tass ium  
c a rb o n a te  so lu tion  (5 m l) , which r e s u l t e d  in th e  form ation  of a d a rk  b ro w n
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s y r u p . T h is  was e x t ra c te d  w ith  ch loroform  (3 x  10 m l) , a n d  th e
com bined  chloroform  e x t r a c t s  w ere w a s h e d  with b r in e  ( 4  x  1 0  m l).
C o n c e n t ra t io n  of th e  d r ied  o rgan ic  e x t r a c t  gave  a c ru d e  sample of th e
t i t le  com pound (128).  R ec ry s ta l l i sa t io n  from d ichlorom ethane a f fo rd e d
a p u r e  sample of the  ace tonide (128), (115 mg, 47%), m .p .  176-177°C;
20
R „ 0 .65 ; [a] -131° (c 2 in C H C 1 J ;  v (C H C 1J 3350, 3050, 2960,■F D — 3 m a x . 3
2925, 2400, 1230, and  750 cm "1; 6 n (90 MHz) 1.27 a n d  1.38 ( 6 H, 2 x  s ,
H
13- a n d  14-H3) , 2.05 (2H, m, 6 - H 2) , 2 .4 0 -3 .0 5  (5H, complex, 1-H , 3-
a n d  5 -H 2) ,  3.80 (2H, m, 9-H 2) , 3.90 (1H , d d ,  J  3.8 Hz a n d  3.0 Hz,
8 - H ) , a n d  4.20 a n d  4.45 p . p . m .  (2H, 2 x  b r  s ,  2- a n d  7-H-,); 6
1 u  C
(25 MHz) 23.5 a n d  25.6 (C-13 a n d  - 1 4 ) ,  37.0 ( C - 6 ) ,  49.6 ( C - l ) ,  52.3 
( C - 5 ) , 61 .0  (C -3  a n d  - 9 ) ,  70.4 ( C - 8 ) ,  72 .0  (C -2 ) ,  76.6 (C -7 ) ,  a n d  
101.3 p . p . m .  ( C - l l ) ;  m /z 213 (M+, 11%), 155, 149, 138, 112, 99, a n d  
43 (100%) (F o u n d : M + , 213.1364. C n H 1 9 N 0 3  r e q u i r e s  M, 213.1364).
A t te m p te d  S y n th e s is  of 2 a -H y d ro x y -1 3 -h y d ro x y m e th y l -8 o rp y r ro l iz id in e  
(125 ) .  -  T he  ace ton ide  (128) (100 mg, 0 .5  mmol) a n d  m e th an esu lp h o n y l 
ch lo r id e  (40 p i,  0 .5  mmol) were d is so lv ed  in  d ry  d ich lorom ethane (2 ml) 
a n d  cooled to -78°C . T rie thy lam ine  (196 pi, 0 .5  mmol) was a d d e d  a n d  
th e  m ix tu re  was s t i r r e d  a t  -78°C for  l / 2 h .  The solution tu r n e d  pale  
yellow a n d  th e  colour deepened  as th e  re a c t io n  was allowed to r e a c h  room 
te m p e r a tu r e .  T he solution was p o u r e d  onto  w ater  (2 ml) a n d  e x t r a c te d  
w ith  d ich lorom ethane  ( 3 x 5  m l) . T h e  o rg an ic  e x t r a c t s  w ere w ash ed  with 
b r in e  (1 x  15 ml), d r ie d ,  f i l te re d ,  a n d  c o n c e n t ra te d  u n d e r  vacuum  to 
g ive  th e  m esy la te  (129), as  a c ry s ta l l in e  so lid ,  (100 mg, 73%), m .p .  
186-187°C; (90 MHz) 3.10 p . p . m .  (3H, s ) ; m /z 291 (M + , 4%)
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(F o u n d :  M + , 291.1143. C^t^-jNO p-S r e q u i r e s  M, 291.1141). The
m esy la te  (129) (90 mg, 0 .3  mmol) was t r e a t e d  with sodium cy anoboro -  
h y d r id e  (78 mg, 1.2 mmol) in d ry  HMPTA (2 ml) a t  95-100°C for  18h 
u n d e r  a rg o n .  B r in e  (4 ml) was th e n  a d d e d  to th e  cooled solution a n d  
th e  r e s u l t a n t  milky solution was e x t r a c te d  w ith d ie th y l  e th e r  ( 3 x 6  m l). 
T he  com bined  e th e r  e x t r a c t s  w ere w ashed  w ith  b r in e  (2 x  10 ml) a n d  
th e n  c o n c e n t r a te d  to g ive  an oil (31 mg, 51%). Without p u r if ic a t io n ,  th e  
oil (25 mg, 0 .1  mmol) was d isso lved  in 3M h y d ro c h lo r ic  ac id  (2 ml) a n d  
i t  was s t i r r e d  a t  70°C for 4h. T he  cooled so lu tion  was b as if ied  with 10% 
p o ta ss iu m  c a rb o n a te  so lution (ca . 1 0  ml) a n d  e x t r a c te d  with e th y l a c e ta te  
(3 x  15 m l). T he  to tal o rgan ic  e x t r a c t  was d r ie d ,  f i l te r e d ,  a n d  co n ce n ­
t r a t e d  to  g ive  p la ty n e c in e  (124) (12 mg, 65%). T he  sp ec tro sco p ic  d a ta  
w ere  iden tica l  to th o se  r e p o r te d  e a r l ie r  ( p .  183).
A t te m p te d  S y n th e s is  of 2 , 0 - ( T e t r a h y d ro p y ra n y l ) ro s m a r in in e  (1 2 6 a ) . -  
To ro sm a r in in e  (20) (250 mg, 0 .7 mmol) a n d  f r e s h ly  d is t i l led  d ih y d ro p y ra n  
(64 |il, 0 .7  mmol) in  d r y  dich lorom ethane ( 6  ml) a t  0°C u n d e r  a rg o n ,  w as 
a d d e d  p - to lu e n e su lp h o n ic  acid  m onohydra te  (1 m g ) .  A f te r  th e  m ix tu re  
was s t i r r e d  fo r  10 min a t  0°C, i t  was s t i r r e d  fo r  18h a t  am bient te m p e r ­
a t u r e .  The m ix tu re  was th e n  p a r t i t io n e d  be tw een  d ich lorom ethane (20 ml) 
a n d  a so lu tion  of b r in e  ( 1 0  ml) an d  s a tu r a t e d  sodium b ic a rb o n a te  ( 1 0  m l) .  
T he  o rg a n ic  la y e r  was w ashed  w ith b r in e  (2 x  10 m l), d r ie d ,  f i l te re d ,  a n d  
c o n c e n t r a te d  to  y ie ld  s ta r t in g  m ateria l .
T he above  p ro c e d u re  was r e p e a t e d ,  u s in g  e le v a te d  te m p e r a tu r e s ,  
b u t  s t a r t in g  m ateria l was r e tu r n e d .
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A tte m p te d  S y n th e s is  of 2 - 0 - ( 2 -M e th o x y e th o x y m eth y l) ro sm arin in e  ( 1 2 6 b ) . -  
R osm arin ine  ( 2 0 ) (200 mg, 0 .57 mmol) w as d is so lv ed  in d r y  d ic h lo ro ­
m e thane  (5 ml), u n d e r  an  i n e r t  a tm o sp h e re .  MEM ch lo ride  (65 0 .57
mmol) an d  th e n  N ,N '-d i iso p ro p y le th y lam in e  (H u n ig 's  b ase)  (99 |il ,  0 .57  
mmol) w ere ad d e d  an d  the  so lution was s t i r r e d  a t  room te m p e ra tu r e  fo r  
24h. Water (1 ml) was a d d e d ,  a n d  th e  o rg an ic  la y e r  was s e p a r a t e d .
T h e  aq u e o u s  la y e r  was e x t r a c te d  w ith  d ich lo rom ethane  ( 3 x 2  m l) .  T h e  
com bined  o rg an ic  e x t r a c t s  w ere  d r ie d ,  f i l te r e d ,  a n d  c o n c e n t ra te d  to  g ive  
an oil, which con ta in ed  an u n id e n tif iab le  m ix tu re  of p ro d u c t s .
A tte m p te d  S y n th e s is  of 2 -Q -(B e n z y l ) ro sm a r in in e  (1 2 6 d ) . -  R osm arin ine
(20) (200 mg, 0 .6  mmol) was d is so lv ed  in d r y  DMF (3 ml) a n d  a d d e d  
slowly w ith  s t i r r i n g  to a s u sp e n s io n  of sodium h y d r id e  (23 mg, 0 .6  mmol, 
60% d is p e rs io n  in oil) in  DMF (1 ml) u n d e r  a rg o n .  A f te r  ad d i t io n  was 
com ple te ,  te trabu ty lam m onium  iodide ( 2 1  mg, 0.06 mmol) a n d  b e n z y l  
b rom ide  (71 p.1, 0 .6  mmol) w ere a d d e d ,  a n d  th e  m ix tu re  was s t i r r e d  fo r  
18h a t  room te m p e ra tu re .  T he  so lu tio n ,  to  which b r in e  h a d  b e e n  a d d e d  
(1 m l) ,  was p a s s e d  th ro u g h  a small column of f lo rosil .  Removal of th e  
so lv e n t  b y  d is ti l la tion  gave a solid  w hich was shown to be  ro sm a r in in e  b y  
n . m . r .  s p e c tro sc o p y .
T he  above p ro c e d u re  w as r e p e a te d  a t  50°C a n d  90°C, a n d  in  
b o th  c a s e s ,  s ta r t in g  m ateria l was r e c o v e re d .
A tte m p te d  S y n th e s is  of 2 -Q -(M ethoxym ethy l)ro sm arin in e  (1 2 6 c ) . -  To a 
s t i r r e d  so lution  of ro sm arin ine  (20) (250 mg, 0 .7  mmol) in d r y  ch loroform  
(4 ml) w ere a d d e d  DME (626 jil, 0 .7  mmol) a n d  p h o s p h o ru s  p e n to x id e  (2 g ) .  
A f te r  24h, th e  s lu r r y  was p o u re d  onto  ice-coo led  sodium c a rb o n a te
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so lu tion  (10 m l). T he  m ix tu re  was e x t r a c te d  w ith ch loroform  (3 x  10 m l). 
T he  com bined chloroform  e x t r a c t s  w ere w ashed  with b r in e ,  d r i e d ,  f i l te r e d ,  
a n d  e v a p o ra te d  to g ive  mostly ro sm a r in in e .  T . l . c .  in d ic a te d  a n o th e r  
com pound , Rp 0 .8 ,  which may h av e  b een  th e  title  com pound . H ow ever,  
it was p r e s e n t  in an  in su f f ic ie n t  q u a n t i ty  for it to be f u r t h e r  a n a ly se d .
2 -Q - t e r t . ~( B u ty ld im e th y ls i ly l) ro sm arin in e  (1 2 6 e ) .-  R osm arin ine  (20) (140
mg, 0 .4  mmol) was d isso lved  in d r y  DMF (0 .75  m l), u n d e r  an  i n e r t
a tm o sp h e re .  t e r t - B u ty ld im e thy ls ily l  ch lo ride  (90 mg, 0 .6  mmol) a n d
imidazole (41 mg, 0 .6  mmol) w ere a d d e d  an d  th e  re a c t io n  m ix tu re  was
s t i r r e d  for 48h a t  room te m p e ra tu re .  T he  reac tio n  m ix tu re  was ta k e n  up
in  chloroform  (10 ml) a n d  w ashed  with b r in e  (2 x  10 m l). T he  aq u e o u s
la y e r s  were com bined a n d  e x t r a c te d  w ith  chloroform (1 x  20 ml) . T he
to ta l chloroform e x t r a c t s  were d r ie d ,  f i l te r e d ,  a n d  e v a p o ra te d  u n d e r
vacuum  to  give an oil, which slowly c ry s ta l l i s e d  to g ive  th e  e th e r  (126e)
7 4(160 mg, 8 6 %); m .p .  94-96°C; R^ 0 .8 ; [ a r  -6 6 .5 °  (c 8  in C H C 1J ;
r  D — j
V (K Br disc) 2960, 1740, 1720, 1260, an d  1120 cm "1; 6  (90 MHz)m a x . H '
0 .1  an d  0.15 ( 6 H, 2 x  s ,  2 x  C H ^-S i) ,  a n d  0.85 p . p . m .  (9H, s ,  3 x  
CH ^-C) a n d  th e  rem ain ing  s ig n a ls  w ere th e  same as fo r  ro sm a r in in e ;  
m/z 467 (M + , 7%), 410, 270, 268, 122, 120, an d  82 (100%) (F o u n d :  M + , "
467.2710. C 2 3 H 4 1 N 0 6Si r e q u i r e s  M, 267.2703).
A tte m p ted  S y n th e s is  of 2 - Q - t e r t . - ( B uty ld im ethy ls ily l)  ro sm arin e c in e  . -  
T he  TBDMS e th e r  of ro sm arin in e  (126e) (152 mg, 0 .32 mmol) in w a te r  
( 8  ml) was h e a te d  u n d e r  re f lu x  w ith  barium  h y d ro x id e  o c ta h y d ra te  (113 mg, 
0.36 mmol, 1.1 e q u iv . )  for 2h. T he  solution was allowed to  cool a n d
t r e a t e d  with solid  ca rb o n  d iox ide .  The r e s u l t a n t  s l u r r y  was f i l te r e d ,  
a n d  th e  f i l t r a te  was co n t in u o u s ly  e x t r a c te d  w ith  ch lo roform  fo r  48h, 
a f te r  f u r t h e r  bas if ica t ion  w ith  sodium c a rb o n a te .  T h e  o rg an ic  e x t r a c t  
was d r ie d ,  f i l te r e d ,  a n d  c o n c e n t ra te d  to  give ro sm ar in e c in e  ( 2 1 ) .
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8 .4  E xperim enta l to  C h a p te r  6
8 .4 .1  P re p a ra t io n  of ( + ) -6 a -H y d ro x y - lg -h y d ro x y m e th y l -8 3 -p y r ro l i z id in e  
( 2 2 ) . -  ( - ) - (2 S , 4R )-N -F o rm y l-4 -fo rm y lo x y p ro l in e  (187),  e th y l  ( + ) - ( 2 R ) - 2 -
fo rm y lo x y -2, 3 -d ih y d r o - lH -p y r ro l iz in e -7 -c a rb o x y la te  (189) a n d  e th y l  (+ )-  
( 2 R ) - 2 - h y d r o x y - 2, 3 -d ih y d ro - lH -p y r ro l iz in e -7 ~ c a rb o x y la te  (190) w ere 
p r e p a r e d  as  de ta iled  by  R obins  and  S a k d a r a t . ^ ^
E th y l  ( + ) -6 a -h y d ro x y -8 (3 -p y r ro l iz id in e - la -c a rb o x y la te  (1 9 1 ) . -  A so lu tion  
of e th y l  (+ ) - (  2 R ) - 2 - h y d r o x y - 2, 3 - d ih y d r o - lH - p y r ro l iz in e -7 -c a rb o x y late  
(190) (5 g ,  25 mmol) in ace tic  acid  (75 ml) was h y d ro g e n a te d  a t  7 atm fo r 
24 h  a t  60°C us ing  10% R h -C  ( lg )  as  c a ta ly s t .  The c a ta ly s t  was rem oved  
b y  f i l te r in g  th ro u g h  C elite ,  a n d  th e  f i l t r a te  was c o n c e n t r a te d  to  give an
oil. The oil was ta k e n  up  in 1M HC1 (16 ml) a n d  w ash ed  with chloroform  
(2 x  25 ml). The aq u eo u s  solution was b as if ied  with conc . ammonia 
so lu tion  an d  e x t r a c te d  w ith chloroform (3 x  30 m l). T he  chloroform  
e x t r a c t s  were d r ie d ,  f i l te r e d ,  and  c o n c e n tra te d .  The p r o d u c t  was 
o b ta in e d  as white c r y s ta l s  from e thy l  a c e ta te ,  ( 2 .1 g ,  47%). All p h y s ic a l  
d a ta  w ere iden tica l to th o se  r e p o r te d  in th e  l i t e r a t u r e ,  e . g . ,  m .p .  109°C 
( l i t . ,  109-110°C).
(+ ) - 6 a -H y d ro x y - lo t -h y d ro x y m e th y l- 8 g -p y rro l iz id in e  ( 2 2 ) . -  T h is  com pound 
was p r e p a r e d  as b e f o r e ' ^  a n d  h ad  6 c (25 MHz) (CD^OD) 27.6 (C -2 ) ,
33.7 ( C -7 ) ,  45.6 ( C - l ) ,  55.2 ( 0 3 ) ,  62 .9  a n d  63 .4  ( 0 5  an d  - 9 ) ,  65 .8  ( 0 8 ) ,  
a n d  73.1 p . p .m .  ( 0 ' 6 ) .  The p ic ro lona te  h a d  m .p .  171-172° (d eco m p .)
(F o u n d : C, 51.2, H; H, 5.54; N, 16.35. ^ 1 8 ^ 2 3 ^ 5 ^ 7  recl u r^ e s
C , 51.3; H , 5.50; N, 16.61%).
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8 .4 .2  S y n th e s is  of 12-Membered Macrocyclic D ie s te r s  of ( + ) - 6 ct- 
Hy d ro x y -  l a -h y d r o x y  m e thy l-  8  g -p y rro l iz id in e  (22)
G enera l P r o c e d u r e . -  G lu ta ric  a n h y d r id e  or a d e r iv a t iv e  (1 .1  mmol) was 
a d d e d  to  a so lu tion  of th e  optically  ac t iv e  diol (22) (1 mmol) in d r y  DME 
(30 ml) u n d e r  a rg o n .  T he  reac tio n  m ix tu re  was th e n  s t i r r e d  a t  40°C 
fo r  l h  a n d  the  hom ogeneous solution was s t i r r e d  for 18h a t  room te m p e r ­
a t u r e ,  to  e n s u re  t h a t  all th e  base  h a d  r e a c te d  to  form a zw itterion ic  
m onoester  ( t . l . c . ,  Rp 0 .0 5 -0 .1 0 ) .  2 , 2 '-D i th io d ip y r id in e  (130) (1 .5  mmol)
a n d  t r ip h e n y lp h o s p h in e  (131) (1 .5  mmol) were a d d e d  a n d  th e  m ix tu re  was 
s t i r r e d  v ig o rous ly  u n t i l  th io le s te r  form ation was complete ( t . l . c . ,  Rp ca .
0 .65 , 2 4 h ) . T he  r e s u l t a n t  c lear yellow so lution was d i lu te d  with DME 
( 1 2 0  ml) an d  h e a te d  a t  r e f lu x  u n d e r  a rg o n  u n ti l  la c to n isa t io n  was complete 
( t . l . c . ,  Rp 0 .35 , 4d) . The reac tio n  m ix tu re  was cooled a n d  then  
e v a p o ra te d  u n d e r  p r e s s u r e  to a f fo rd  a yellow oil. T h is  oil was d isso lv ed  
in  chloroform  (10 ml) a n d  e x t r a c te d  with 1M c itr ic  ac id  ( 4 x 4  ml). T he  
acidic e x t r a c t s  w ere com bined an d  w ashed  with chloroform  ( 6  x  2 0  m l), 
th e n  b as if ied  with c o n c e n t ra te d  ammonia so lution a n d  e x t r a c te d  with 
chloroform  (4 x  25 m l). The chloroform  e x t r a c t s  w ere  d r ie d ,  f i l te re d ,  
a n d  c o n c e n t ra te d  to  g ive  c ru d e  cy c l ised  p ro d u c ts  as  yellow oils. 
P u r if ica t io n  was ac h ie v e d  b y  p r e p a ra t iv e  th in  la y e r  c h ro m a to g ra p h y ,  
e lu t in g  with ch lo ro fo rm -m ethano l-conc .  ammonia (8 5 :1 4 :1 ) .
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(~ ) - 6 , 9 - 0 , 0 -  (G lu ta ry l ) - 6 a -h y  d ro x y -  l a - h y  d ro x y  m e th y l-  8  $ -p y r ro l iz id in e
(1 9 4 a ) . -  U sing g lu ta r ic  a n h y d r id e  (192a) ,  th e  g lu ta r a te  d ilac tone  (194a)
was o b ta in e d  as  a pow der  (26% y ie ld ) ,  m .p .  79_ 80°C [from b e n z e n e -
h e x a n e ] ;  Rp 0.35; [ a ] ^ 1  - 4 .1 °  (c 3 in MeOH); vmax (CC14 ) 2960,
2930, 2860, 1740, 1330, 1245, 1150, a n d  1010 cm” 1; 6  (200 MHz) 1.70
H
( 2H, m, 2-H 2) ,  2.00 (2H, m, 13-H2) , 2.12 (2H, m, 7-H 2) , 2.40 (1H, m, 
1 -H ), 2.45 (4H, m, 12- an d  14-H2) , 3 .0 0 -3 .4 0  (4H, m, 3- a n d  5-H 2) ,
3.75 (1H, m, 8 -H 3 ) ,  4.05 (1H, d d ,  J  12.2 Hz a n d  4 .3  Hz, 9 -H ) ,  4 .52 
(1H, d d ,  J  12.2 Hz an d  1.2 Hz, 9~H), a n d  5.11 p . p . m .  (1H, m, 6-H(3);
<$c  (50 MHz) 20.0 (C -1 3 ) ,  28.9 ( C -2 ) ,  33.1 ( 0 7 ) ,  34 .5  a n d  35.1  ( 0 1 2  
a n d  - 1 4 ) ,  40 .1  ( C - l ) ,  54.3 ( 0 3 ) ,  58.6 a n d  61 .1  ( 0 5  a n d  - 9 ) ,  65.0 ( 0 8 ) ,
76.4 ( 0 6 ) ,  a n d  172.2 a n d  172.5 p . p . m .  ( O i l  a n d  -1 5 ) ;  m/z (M + , 19%), 
140, 138, 122 (100%), 121, 120, 110, 109, 108, 82, 81, 80, 69, a n d  55 
(F ound : M + , 253.1315; C , 61.44; H, 7.57; N, 5 .34. C 1 3 H 1 9 N 0 4  
r e q u i r e s  M, 253.1314; C, 61.64; H, 7 .56; N, 5.53%).
( - ) - 6 , 9 -O , O- ( 3, 3 -D im e th y lg lu ta ry l) - 6 a~hy d ro x y -  la~ hy  d ro x y  m ethy l - 8  3~
p y rro l iz id in e  ( 1 9 4 b ) . -  T he  above p ro c e d u re  w as r e p e a te d  u s in g  3 ,3 -
d im e th y lg lu ta r ic  a n h y d r id e  (192b) to g ive  th e  t i t le  com pound  (194b)
(30% y ie ld )  as  a n o n -c ry s ta l l in e  so lid , m .p .  84°C [from b e n z e n e - h e x a n e ] ;
R „  0 .35; [ a ] 1 5  -11°  (c 3 in MeOH); v (CC1.) 2955, 2920, 2870,r  D — max • *
2850, 1735, 1325, 1170, a n d  1145 cm” 1; 6  (200 MHz) 1.27 ( 6 H, s ,  17-
H
a n d  18-H3), 1.72 (2H, m, 2-H 2) , 1.98 (2H, m, 7-H 2) , 2.13 a n d  2.61 
( 2H, A B q, J  13.6 Hz, 12-H 2  or  14-H2) ; 2.24 a n d  2 .27  (2H , A B q, J
15.3 H z, 12-H 2  o r  14-H2) ,  2.42 (1H, m, 1 -H ), 2 .90  (2H, com plex, 3- 
a n d  5 - H ) , 3 .15 ( 1H, m, 3 -H ) ,  3.35 (1H, d d , J  13.5 Hz a n d  4 .5  Hz, 5 -H 3 ) ,
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3.73 (1H, m, 8 - H $ ) , 4 .03  (1H, d d ,  J  12.1 Hz a n d  2 .2  H z, 9 -H ) ,  4.48 
(1H , d d ,  J  12.1 Hz a n d  4 .9  Hz, 9 -H ) ,  a n d  4 .98  p . p . m .  (1H, t ,  J  4 .8  
Hz, 6 -H 3 ) ;  6 C (50 MHz) 28.3 (C -2 ) ,  29.4 a n d  30.5  (C -17  a n d  -1 8 ) ,
33.3 ( 0  13), 33.7 ( 0 7 ) ,  41.6 ( C - l ) ,  44.7 a n d  44.8 (C12 a n d  -1 4 ) ,  56.2 
( 0 3 ) ,  62.2 a n d  62.8 ( 0 5  an d  - 9 ) ,  65.4 ( 0 8 ) ,  75.8 ( 0 6 ) ,  a n d  171.3 
a n d  171.8 p . p . m .  ( O i l )  a n d  -1 5 ) ;  m/z 281 (M + , 20%), 140, 138, 122 
(100%), 121, 120, 82, 81, 80, a n d  55 (F o u n d : M + , 281.1634; C , 64.00;
H, 8 .31; N, 4 .73 .  C ^ H ^ N C ^  r e q u i r e s  M, 281. 1627; C , 64.03; H, 
8 .24 ; N, 4.98%).
( - ) - 6 , 9 ~ Q ,0 - (  3 , 3 -T e t r a m e th y le n e g lu ta r y l ) - 6 g - h y d ro x y - lg - h y d r o x y  m e thy l-  
8 (3-pyrro liz id ine  ( 1 9 4 c ) . -  T he  ti t le  com pound (194c) w as p r e p a r e d  
(41% y ie ld )  a s  a p o w d e re d  solid w hen 3 , 3 - te t ra m e th y le n e g lu ta r ic  a n h y d r id e  
(192c) a n d  th e  p y r ro l iz id in e  diol (22) w ere t r e a t e d  as  d e s c r ib e d  in  th e  
g e n e ra l  p ro c e d u re ;  m .p .  90-91°C [from b e n z e n e - h e x a n e ] ; Rp 0.35; 
[ g ] ^ 1 -2 6 °  (c  3 in MeOH); \>max (CC14) 2960, 2920, 2870, 2850, 1730, 
1155, 1135, an d  1120 cm "1; 5 d (200 MHz) 1.66 ( 8 H, m, 17-, 18-, 19-, 
a n d  20-H2) ,  1.72 ( 2H, m, 2-H 2) ,  2.00 (2H, m, 7 -H 2) , 2.22 a n d  2.59 
( 2H, A B q, J  13.6 Hz, 12-H 2  or 14-H2); 20 29 a n d  3.35 (2H, A B q, J
15.2 Hz, 12-H 2  o r  14-H2) , 2.42 ( 1H, m, 1 -H ) ,  2 .91 (2H, com plex, 3- 
a n d  5 -H ) ,  3.15 (1H , m, 3 - H ) , 3.35 (1H, d d ,  J  13.5 Hz a n d  4 .8  Hz,
5 -H $ ) ,  3.73 (1H, m, 8 - H $ ) ,  4.05 (1H, d d ,  J  12.1 Hz a n d  2 .4  H z, 9 -H ) ,
4 .45  (1H , d d ,  J  12.1 Hz a n d  5.2 Hz, 9~H), a n d  5.10 p . p . m .  (1H, t ,  J  
5 Hz, 6 - H $ ) ; 6  (50 MHz) 23.2 a n d  24.0 (C -18  a n d  - 1 9 ) ,  28.6 ( C - 2 ) ,
33.6 ( C - 7 ) ,  38.9 a n d  39.4 (C -17  an d  -2 0 ) ,  41 .7  ( C - l ) ,  42.8 a n d  43.2  
(C -12  a n d  -1 4 ) ,  44 .1  (C -1 3 ) ,  56.1 (C -3 ) ,  62 .1  a n d  62.8 (C -5  a n d  - 9 ) ,
196
65 .8  ( C - 8 ) ,  76.0 ( 0 6 ) ,  a n d  171.6 a n d  172.1 p . p . m .  ( O i l  a n d  -1 5 ) ;  
m /z  307 (M+, 8 %), 122 (100%), 121, 120, 108, 82, 81, 80, a n d  55 
(F o u n d :  M + , 307.1787; C , 6 6 . 6 ; H, 8.27; N, 4 .40 . C 1 ?H 2 5 N 0 4  
r e q u i r e s  M, 307.1783; C , 66.4; H, 8 .20; N, 4.56%).
( - ) - 6 , 9 ~ 0 , 0 - (  3, 3 -P e n ta m e th y le n e g lu ta ry l)  - 6 a~ h y d ro x y - lo t -h y d ro x y m e th y l-  
8 (3-pyrroliz id ine ( 1 9 4 d ) . -  When th e  b a s e  (22) w as t r e a t e d  w ith 3 ,3 -  
p e n ta m e th y le n e g lu ta r ic  a n h y d r id e  ( 192d) b y  th e  s t a n d a r d  p r o c e d u r e ,  th e  
t i t le  com pound (194d) was o b ta in ed  (37% y ie ld ) ;  m .p .  97-98°C [from
1 ftb e n z e n e - h e x a n e ] ; R^, 0 .35 ; [a ]_  -1 5 °  (c 3 in MeOH); v (CC1.)F D — , m ax. 4
2930, 2855, 1730, 1450, 1330, a n d  1165 c m '1; (200 MHz), 1.44 (10H,
H
m, 17-, 18-, 19-, 20- a n d  21-H2) , 1.73 (2H, m, 2-H 2) , 2.00 (2H, m, 
7 -H 2) ,  2.12 a n d  2.44 (2H , A B q, J  15.3 Hz, 12-H 2  or  14-H 2) ;  2.30 a n d
2.50 ( 2H, ABq, J  13.6 Hz, 12-H or 14-H2) , 2.45 (1H, m, 1-H) , 2 .87 
(1H, m, 5 -H ) , 2 .89 (1H, m, 3 -H ) , 3.12 (1H, m, 3 -H ) ,  3 .35  (1H, d d ,  J
13.4 Hz an d  4 .5  Hz, 5 -H $ ) ,  3.70 (1H, m, 8 -H S ) ,  4 .05  (1H, d d ,  J  12.1 
Hz a n d  2.5  H z, 9 -H ) ,  4 .44 (1H, d d ,  J  12.1 Hz a n d  5 .1  H z, 9 -H ),  a n d  
4.98 p . p . m .  (1H, t ,  J  4 .8  Hz, 6 - H 8 );  <$c (50 MHz) 21.3 a n d  21.4
(C -18  a n d  -2 0 ) ,  25.7 ( C - 1 9 ) , 28.4 ( C -2 ) ,  33.7 (C -7 ) ,  36 .0  (C -1 3 ) ,  36.6 
a n d  38.0 (C -17  a n d  - 2 1 ) ,  41.8 ( C - l ) ,  42.1 a n d  42.5 (C -12)  a n d  -1 4 ) ,
56.2 ( C - 3 ) ,  62.3 a n d  62.8  (C -5  a n d  - 9 ) ,  65.5 ( C - 8 ) ,  75 .7  ( C - 6 ) ,  a n d  
171.5 a n d  171.9 p . p . m .  ( C - l l  a n d  -1 5 ) ;  m/z 321 (M+ 19%), 122 (100%) 
121, 120, 95, 82, 81, 80, 6 8 , 67, a n d  55 (F ound : M + , 321.1925;
C , 67.30; H, 8 .42; N , 4 .21 . ^ i 8 ^ 2 7 ^ ^ 4  reclu ir e s  321.1935;
C , 67.26; H, 8 .47; N , 4.36%).
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(~ )~ 6 , 9 - 0 , 0 -  ( 2 , 2-D im ethyl g lu ta r y l ) - 6 a~ h y d r o x y -  l a - h y d r o x y  m e thy l - 8  3~ 
p y r ro l iz id in e  ( 1 9 8 ) . -  T rea tm en t of 2 , 2 -d im e th y lg lu ta r ic  a n h y d r id e  (197) 
a s  d e s c r ib e d  in th e  g en e ra l  p ro c e d u re  a f fo rd e d  th e  t i t le  com pound (198)
9 0(10% y ie ld ) ,  a s  an  oil, 0.35; [a] -19°  (c 3 in  MeOH); v
7 F D -  max.
(CC14 ) 2960, 2920, 2890, 2870, 1735, 1295, 1270, 1140, a n d  1 1 2 0  cm "1;
6  (200 MHz) 1.24 a n d  1.27 (3H, s ,  17-H , o r  1 8 - H J , 1.78 (2H, m, 2 - H J ,H j  o u
1 .90-2 .45  ( 6 H , m, 7 -, 13- a n d  14-H2) , 2 .57 (1H, m, 1 -H ) ,  2 .95 -3 .13
( 3H, m, 3-H 2  a n d  5 -H ) ,  3.20 (1H, d d ,  J  13.4 Hz a n d  4 .8  H z, 5 - H £ ) ,
3 .77  (1H, m, 8 - H $ ) ,  3.87 (1H, d d ,  J  12.1 Hz a n d  3 .9  Hz, 9 -H ) ,  4.61
(1H, d d ,  J  12.1 Hz a n d  1.1 Hz, 9 -H ),  an d  5.05 p . p . m .  ,(1H, m, 6 -H ) ;
6 c  (50 MHz) 24 .4  a n d  27.1 (C-17 a n d  -1 8 ) ,  28.6 ( C - 2 ) ,  30.8 ( C - 1 3 ) ,
33.2 (C -12  o r  - 1 4 ) ,  34.9 (C -7 ) ,  40.1 ( C - l ) ,  41.6 (C -12  o r  -1 4 ) ,  53.8
( C - 3 ) ,  58.3 a n d  63.5  (C -5  and  - 9 ) ,  64 .7  ( C - 8 ) ,  78.1 ( C - 6 ) ,  a n d  172.7
a n d  176.5 p . p . m .  ( C - l l  an d  -1 5 ) ;  m /^  281 (M + , 11%), 122 (100%), 121,
120, 108, 82, 81, 80, 69, 6 8 , an d  55 (F ound : M + , 281.1632. C ^ H ^ N O ,
— l b  c.5 4
r e q u i r e s  M, 281. 1627).
( - ) - 6 , 9 -0 ,  Q- ( Meso- 2 , 4 -D im ethy lg lu tary l)  - 6 q- h y d r o x y -  lq -h y  d ro x y  m ethyl
8 g -p y rro l iz id in e  [(199a) + (1 9 9 b ) ] . -  A m ix tu re  of two d ia s te reo iso m ers
[(199a) + (199b)]  (R p  0 .30 -0 .35 ) was o b ta in e d  w hen  th e  optically  ac t iv e
p y rro l iz id in e  diol ( 2 2 ) was t r e a te d  with m eso - 2 ,4 -d im e th y lg lu ta r ic
a n h y d r id e  ( 2 0 0 ) a s  d e sc r ib e d  in th e  s t a n d a r d  p r o c e d u r e  ( 2 1 % y ie ld ) ;
v (C C 1 J  2960, 2930, 2870, 1730, 1260, a n d  1165 cm "1; (200 MHz)max. 4 H
1 .10-1 .20  ( 6 H, 2d, J  7 .1  Hz, 17- an d  18-H3) , 1.31 a n d  1.38 (2H, t ,  J
2 .7  Hz, 13-H2) ,  1 .72 -2 .20  ( 6 H, complex, 2-H 2 , 7 -H 2 , 12-H a n d  14-H) ,
2.45 ( IK , m , 1-H) , 2.95 -  3.30 (4H, m, 3.- a n d  5-H 2) , 3.75
(1H, m, 8 -H 3 ) ,  4 .05  -  4.45 (2H, m, 9 -H 2) a n d  5.00 p . p . m .  (1H, m,
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6 -H ) ;  6  (50 MHz) 17 .5 , 18 .0 , 19.5 a n d  19.7 (C -17  a n d  - 1 8 ) ,  28 .7
a n d  29.0 (C -2 ) ,  33.6 a n d  33.8 (C -7 ) ,  36.6 a n d  37.5 (C -12  a n d  -1 4 ) ,  
37.9 a n d  38.0 (C -1 3 ) ,  40 .0  a n d  40.2 ( C - l ) ,  55.0 a n d  55.8 ( C - 3 ) ,  61 .4 ,  
63 .3 , 63.4 a n d  63.6  (C -5  a n d  - 9 ) ,  64.7 an d  65 .7  ( C - 8 ) ,  76.4 a n d  76.7 
( C - 6 ) , a n d  174.9, 175.2 , 175.5 an d  176.1 p . p . m .  ( C - l l  a n d  -1 5 ) ;  
m /z 281 (M + , 11%), 122 (100%), 121, 120, 108, 82, 81, 80, 6 8 , a n d  55 
(F o u n d :  M + , 281.1630. ^ i 5 ^ 2 3 ^ ^ 4  reclu r^ e s  281.1627 ) .
Modification of th e  G enera l P ro c e d u re
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Use of 2 , 2 '-D i th io b is (4 - te r t . -b u ty l-1 - iso p ro p y l im id azo le ) ( 2 0 1 ) . -  
( + ) -6 a -H y d ro x y - la -h y d ro x y m e th y l -8 3 _pyi*rolizidine (22) (100 mg, 6 .37 
mmol) was t r e a t e d  w ith g lu ta r ic  a n h y d r id e  (80 mg, 7.02 mmol) a s  
d e s c r ib e d  in th e  g e n e ra l  p r o c e d u r e ,  e x ce p t  th a t  2 , 2 ' - d i th io b is (4 - t e r t . -  
b u t y l - 1 -isop ropy lim idazo le)  ( 2 0 1 ) was ad d ed  in s te a d  of 2 , 2 f-d i th io d i -  
p y r id in e  (130).  T he so lution  of th e  in te rm ed ia te  th io le s te r  in DME w as 
h e a te d  a t r e f lu x  fo r  24h on ly .  The cyclised  p ro d u c t  o b ta in e d  a f t e r  th e  
w o rk -u p  (45 mg, 28%), was iden tica l in all r e s p e c t s  to ( - ) - 6 , 9 - 0 , 0 -  
g lu t a r y l - 6 a -h y  d r o x y - l a - h y  d ro x y  m ethyl - 8  3~ pyrro liz id ine  ( 194a) o b ta in e d  
p re v io u s ly  (p .  194).
( + ) - 6 , 9 ~0 , 0 ~( S u c c in y l ) - 6 a ~ h y d ro x y - la -h y d r o x y m e th y l - 8 3 -p y r ro l iz id in e
(2 0 4 ) . -  T he t i t le  com pound (204) was p r e p a r e d  (20% y ie ld )  a s  an  oil
w hen succin ic  a n h y d r id e  ( 2 0 2 ) was re a c te d  with th e  op tica lly  ac t iv e  diol
20(22) as  d e s c r ib e d  in th e  gen era l  p ro c e d u re .  Rp 0 .30; [ a ] D +8 °
(c 3 in MeOH); v (C C 1 J  2965, 2930, 1745, 1440, 1260, a n d  1170
—  I T l c t X  • i
cm "1; 6  (200 MHz) 1.59 ( 2H, m, 2-H 2) ,  1.92 ( 2H, m, 7 -H 2) , 2 .35-
199
2.50 (4H, m, 12- a n d  13-H2) , 2.56 (1H, m, 1 -H ) ,  2 .7 5 -3 .1 0  (3H, m, 3-H 2  
a n d  5 - H ) , 3.35 (1H , d d ,  J  13.9 Hz an d  4 H z, 5 -H $ ) ,  3.69 (1H, m, 8 -H 3 ) ,  
3 .90 (1H , d d ,  J  12.1 Hz a n d  1.2 Hz, 9 -H ) ,  4 .72  (1H , d d ,  J  12.1 Hz a n d  
3 .9  H z, 9 -H ) ,  a n d  4.94 p . p .m .  (1H, t ,  J  4 .3  Hz, 6 -H 3 ) ;  6 C (50 MHz)
27.1 ( C - 2 ) ,  31.4 a n d  32.4  (C-12 an d  -1 3 ) ,  34 .5  ( C - 7 ) ,  43 .1  ( C - l ) ,
56.6 ( C - 3 ) ,  61.8 a n d  62 .3  (C -5  an d  - 9 ) ,  64 .5  ( C - 8 ) ,  76.7 ( C - 6 ) ,  a n d
171.2 a n d  173.1 p . p . m .  ( C - l l  an d  -1 4 ) ;  ro/z_ 239 (M + , 25%), 154, 122, 
(100%), 121, 120, 110, 108, 107, 106, 95, 94, 82, 81, 80, a n d  55 
(F o u n d :  M+ 239.1157. ^ 1 2 ^ 1 7 ^ ^ 4  reclu ir e s  M, 239.1158).
200
8 . 5 E xperim enta l to  C h a p te r  7
8 .5 .1  -  The alkaloidal c o n te n t  of L indelofia  long if lo ra  (family B orag in aceae )  
w as in v e s t ig a te d .  T he  p ro c e d u re  w hich was u s e d  fo r  e x t r a c t in g  
ro sm arin in e  (20) from Senecio p le is to cep h a lu s  p la n ts  (p .  170) was em ployed.
F re s h ly  h a r v e s te d  p la n t  m ateria l (1 Kg) gave a v isc o u s  gum (950 m g ) .
20T h is  was iden tif ied  as ech in a tin e  (123),  0 .3 ; [a l  +12.3° (c 0 .9
if D  —
in  EtOH) ( l i t . , 1  [a] +15 .0°); v ( th in  film) 3400, 2973, 2936, 1728,max •
a n d  1230 cm "1; 6 u (200 MHz) 0.89 a n d  0.93 (3H, b o th  d ,  J  6 . 8  Hz, 16-
H —
a n d  17-H3) ,  1.27 (3H, d ,  J  6 . 6  Hz, 14-H3), 1 .8 6 -1 .9 6  (2H, m, 6 -K ) ,
2.18 (1H, d q ,  J  6 . 8  Hz, 1 5 -H ) , 2.62 (1H, d d d ,  J  10.7 Hz, 7.0 Hz a n d
6 .1  Hz, 5 -H ), 3.27 (1H, d d ,  J  10.8 Hz an d  6 .5  Hz, 5 -H ) ,  3.37 (1H, d d ,
J  3 .0  Hz and  1.5 Hz, 3 -H ) ,  3.60 (1H, b r  s ,  O H ), 3.88 (1H, d d ,  J  3 .1  
Hz a n d  1.5 Hz, 3 -H ) ,  3.97 (1H, m, 8 - H ) ,  3.99 ( 1H, q ,  J  6 . 6  Hz, 13-H ),
4 .01  ( 2H, b r  s ,  2 x  O H ), 4.15 (1H, d t ,  J  6 .0  Hz, 7 - H ) , 4 .85 (2H, A B q,
J  13.4 Hz, 9-H 2 ) ,  a n d  5.70 p . p .m .  (1H, b r  s ,  2 -H ); 6 C (50 MHz) 15.8
a n d  17.9 (C-16 an d  -1 7 ) ,  17.4 (C -1 4 ) ,  32.3 (C -1 5 ) ,  33.6 ( C - 6 ) ,  54.3 
( C - 5 ) , 61.7 (C -3 ) ,  62 .0  (C -9 ) ,  71 .5  (C -1 3 ) ,  74.2 ( C - 7 ) ,  80.0 ( C - 8 ) ,
84 .1  (C -1 2 ) ,  125.7 ( C - 2 ) ,  136.1 ( C - l ) ,  and  174.0 p . p . m .  ( C - l l ) ;  m /z 
299 (M+, 2%), 156, 139, 138 (100%), 137, 136, 120, a n d  93 (Found : M +
299.1732; C, 60.06; H, 8.24; N, 4 .35. C 1 5 H 2 5 N 0 5  r e q u i r e s  M,
299.1733; C , 60.18; H, 8.42; N , 4.68%).
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8 .5 .2  -  C ynoglossum  m acrostylum  (family B orag inaceae )  was g row n a n d
c ro p p e d  w hen f lo w er in g .  Methanolic e x t r a c t s  of th e  p la n t  gave  a
m ix tu re  of t h r e e  a lka lo id s ,  shown by  th in  la y e r  ch ro m a to g ra p h y .
P u r if ic a t io n  of th e s e  alkaloids was accom plished  b y  column ch ro m a to g rap h y
on b as ic  a lum ina, e lu t in g  with in c re a s in g  p ro p o r t io n s  of m ethanol in
d ich lo rom ethane .  The major alkaloid p r e s e n t  (ca .  75%) was e ch in a tin e
(123). T he  p h y s ic a l  da ta  w ere iden tica l to  th a t  r e p o r t e d  in 8 .5 .1 .
T he  o th e r  a lkaloid  id e n t i f ied  was he l io sup ine  (84),  R -  0 .5 ; [ a ] ^ 1  - 4 .8 °
r  D
( c l i n  EtOH) ( l i t . , 1  [a] - 4 .3 ° ) ;  v (CH CH) 3500, 2980, 1730, a n dmax • d
1710 c m '1; (200 MHz) 1.24 ( 6 H, s ,  16- a n d  1 7 - H J ,  1.28 (3H, d ,  J
H o  *
6 .5  Hz, 14-H3) ,  1.85 (3H, s ,  23-H3) , 1.90 ( 2H, m, 6 - H 2) , 1.95 (3H, d ,
J  7.0  Hz, 22-H3) ,  2 .90 -3 .03  (1H, m, 5 -H ) ,  3 .2 0 -3 .4 5  (2H, m, 3- an d  
5 -H ) ,  3.70 ( 3H, b r  s ,  3 x  OH), 4.08 (1H, m, 3 -H ) ,  4 .18 (1H, q ,  J
6 .4  Hz, 13 -H ), 4 .35  (1H, m, 8 - H ) ,  4 .95 (2H, A B q, J  13.1 Hz, 9-H 2) , 
5.23 (1H, b r  t ,  7 - H ) , 5.90 (1H, b r  s ,  2-H) , a n d  6.12 p . p . m .  (1H, d q ,
J  7 .2  Hz a n d  1.4 Hz, 21 -H ); (50 MHz) 15.9 (C -2 2 ) ,  18.5 (C-14) ,
20.4 ( 0 2 3 ) ,  24.7 a n d  26.0 ( 0 1 6  an d  -1 7 ) ,  30.1 ( 0 6 ) ,  54.0 ( 0 5 ) ,
61 .7  an d  61.9  ( 0 3  a n d  - 9 ) ,  69.7 ( 0  13), 73.7 ( 0  15), 77.6 ( 0 8 ) ,
78 .8  ( 0 7 ) ,  82 .9  (C -1 2 ) ,  127.2 ( 0 2 0 ) ,  128.8 ( C -2 ) ,  133.9 ( C - l ) ,  139.7
( 0 2 1 ) ,  168.0 ( 0 1 9 ) ,  an d  174.2 p . p .m .  ( C - l l ) ;  m/z 297 (M + , 2%),
221, 220, 139, 138, 137, 136, 120 (100%), 119, 106, 95, 94, a n d  93 
(F o u n d : M + , 297.1566; C 1 5 H2 3 NC>5  r e q u i r e s  M, 297.1576). T he
p ic ra te  h a d  m .p .  104-105°C ( l i t . , 1  103-106°C ), (from e th a n o l) ,
(F ound : C , 49.80; H , 5.50; N, 8 .98. ^ 2 6 ^ 3 4 ^ 1 4 ^ 4  reclu r^ e s
C , 49.84; H, 5 .45; N , 8.94%).
T h e re  was in su ff ic ien t  material fo r  id en tif ica tion  of th e  th i r d
a lk a lo id .
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